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Abstract

Departament D’enginyeria electronica Electrica i Automatica
Doctor of Philosophy

Control of Distributed Power in Microgrids: PV Field to the Grid, Islanding
Operation, and Ultra-fast Charging Station

by Seyedamin Valedsaravi

This thesis explores the control of distributed power in microgrids (MGs) and ad-
dresses various challenges related to control, stability, power sharing, power converter de-
sign, grid connection, ultra-fast charging, and renewable energy supply. The performance
of MGs is analysed in both grid-connected and islanded modes of operation, consider-
ing different configurations and power flow scenarios. The thesis focuses on several key
challenges, including maximising power extraction from photovoltaic (PV) arrays in MGs
utilizing DC-DC converters, injecting surplus MG power into the main grid via DC-AC
voltage source inverters (VSIs) under nonlinear and unbalanced loads, optimising MG per-
formance and power sharing in islanded mode through VSIs, connecting to the main grid
at the point of common coupling (PCC) using low-frequency transformers (LFTs) and

solid-state transformers (SSTs), and exploring power converter topologies for ultra-fast
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DC charging of electric vehicles (EVs). The use of SSTs instead of LFTs can enhance MG
capability while reducing the volume and weight of the MG electrical architecture. This
thesis provides insights and solutions to address the aforementioned challenges, contribut-
ing to the advancement of MG control, stability, power quality, and efficient integration of

renewable energy sources and EV charging.
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Chapter 1

Introduction

1.1 Background

The conventional power systems face significant challenges such as fossil fuel depletion,
low energy efficiency, and environmental pollution. To address these issues, the global
energy landscape is undergoing a significant transformation, driven by the increasing pen-
etration of renewable energy sources and the need for sustainable and resilient power sys-
tems. Microgrids (MGs) have emerged as a promising solution to address the challenges
posed by this evolving energy scenario [1]. A MG is a localized and self-contained power
system that can operate independently or be interconnected with the main grid. It consists
of distributed generations (DGs), such as solar photovoltaic (PV) arrays, wind turbines,
energy storage systems, and other renewable sources, along with controllable loads and
power converters [2]. MGs operate in two modes: grid-connected and islanded. More-
over, the electrical architecture of a MG can indeed be classified as AC/DC/Hybrid based
on the presence of multiple types of common buses within the system. The coexistence

of AC and DC common buses allows for a more versatile and flexible energy distribution
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and management in the MG [3]. An AC common bus in the MG serves as the primary
distribution point for AC loads and sources. AC loads, such as residential and commercial
buildings, can be connected to this common bus, and AC generation sources, like conven-
tional power plants or wind turbines with AC outputs, can also feed power into the AC
common bus. This AC distribution network is a common feature of traditional power sys-
tems. A DC common bus in the MG functions as a separate distribution point for DC loads
and sources. DC loads, such as batteries, electric vehicle (EV) chargers, and some elec-
tronic devices, can be connected to this common bus. Additionally, DC power sources,
like PV panels and energy storage systems, can inject power into the DC common bus.
The DC distribution within the MG offers advantages like reduced conversion losses and
improved power quality for specific applications. In a hybrid MG, an AC/DC common bus
exists, allowing for bi-directional power flow between the AC and DC sides of the MG.
Power converters and solid-state transformers enable seamless integration and interaction
between AC and DC systems [4]. This setup allows surplus power generated by renewable
sources on the DC side (e.g., solar panels) to be transferred to the AC side for consumption
or vice versa. The bidirectional power flow enhances energy flexibility and management
within the MG [5]. As a result, the AC/DC/Hybrid architecture offers several benefits,
including efficient power flow management, the ability to integrate diverse energy sources
(renewable energies, conventional), and the potential for advanced energy storage and de-
mand response strategies [6]. By combining AC and DC technologies in a MG, energy
conversion losses can be minimized, and the system can be better optimized for specific

loads and sources.

Controlling distributed power in MGs is crucial due to the integration of many energy
sources and the uncertainty in load and supply factors. Efficient control directly influences

the stability, power quality, and effective utilization of renewable energy resources within
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the MG. As an example, in the islanded mode, power balance between production and
consumption, equivalent to load and frequency control, becomes a major challenge. Thus,
the effective management of power generation, distribution, and consumption is essential

to realize the full potential of MGs and promote their widespread adoption [7].

The PV systems are one of the most widely deployed renewable energy sources in
MGs. PV arrays convert sunlight into electricity, but their output is highly dependent
on environmental factors and can fluctuate rapidly. Therefore, developing robust control
strategies for PV systems is essential to optimize power extraction from the PV arrays
while maintaining grid compatibility. Challenges arise due to the presence of nonlinear
and unbalanced loads, which can impact MG stability and introduce harmonics and reac-

tive power issues [8].

The MGs must be capable of operating in islanded mode, where they can function
autonomously without a connection to the main grid. During grid disturbances or emer-
gencies, islanded operation allows MGs to maintain power supply to critical loads and con-
tinue supporting the local community. However, achieving stable and efficient islanded op-
eration requires careful consideration of control parameters and power-sharing strategies
among DGs. Ensuring MG stability and reliability across various operating conditions is

a crucial objective in islanded mode of operation [9].

With the proliferation of EVs, the demand for ultra-fast charging stations in MGs has
increased. Ultra-fast charging aims to significantly reduce charging times for EVs, im-
proving user convenience and promoting wider EV adoption. The integration of such
high-power charging stations poses challenges related to power conversion efficiency and
power imbalance issues. Solid-state transformers (SSTs) have shown potential in address-

ing these challenges by providing increased control capability and reducing the size and
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weight of the MG electrical architecture [10].

1.2 Literature Review

In MGs, the utilized renewable energy sources such as PV and wind are intermittent in
nature, necessitating the use of power electronics converters to regulate voltage, current,
and power [9]. These converters can introduce harmonic pollution into the power system,
leading to various power quality problems such as voltage waveform distortion, overheat-
ing of components, and interference with communication systems [11]. Some sources of
harmonic pollution are nonlinear loads like diode-rectifiers, arc furnaces, electrified rail-
ways, and frequency control devices. Active power filters (APFs) and passive power filters
have been used in industrial applications to compensate for harmonic current and suppress

harmonic voltage in both shunt and series modes of operation [12].

A grid-connected voltage source inverter (VSI) with a PV-fed system has inherently
shunt APF capability. The control of this PV-fed system is essential for delivering maxi-
mum power to the main grid, ensuring high power quality in grid currents, complying with
IEEE standards, and compensating for nonlinear local load harmonics, reactive power, and
unbalanced sequences. Previous control strategies for shunt APF compensation, such as
the instantaneous p — g power theory and the abc power theory, have limitations under cer-
tain conditions [13]. The proposed control strategy in this thesis aims to overcome these
barriers and provide effective shunt APF compensation in both three-phase three-wire and
three-phase four-wire systems. It employs a proportional-resonant (PR) controller with
harmonic compensators implemented in the abc reference frame. Moreover, the PR con-

troller design is challenging due to the inherent resonance characteristic of the LCL output
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filter in the grid-connected VSI. Additionally, incorporating harmonic compensators com-
plicates the control design. Literature methods for coefficients selection of PR controllers
do not fully consider the system’s performance in terms of steady-state and stability crite-

ria, leading to potential instability issues.

Imbalances between DGs and loads in islanded MGs lead to frequency fluctuations,
impacting power quality and system stability. Furthermore, uncertainties arising from un-
predictable environmental changes with high renewable energy penetration further com-
plicate MG operation [14]. Therefore, a robust control technique is needed to ensure
small-signal stability in MGs under varying load or source conditions. In the islanded
mode of MG operation, droop control strategies have been widely used due to their advan-
tages such as simplicity, no need for communication lines among DGs, and plug-and-play
functionality. However, the stability and power quality of MGs are affected by droop con-
trol coefficients and controllers’ parameters [15]. Various methods for selecting controller
coefficients have been proposed in the literature, including trial and error, designing the
controllers’ parameters to ensure the outer loop’s slower dynamics compared to the inner
loop, and using optimization algorithms like genetic algorithm (GA) and particle swarm
optimization (PSO). However, each approach has its limitations in providing a universal
and simple design approach for tuning the controllers’ parameters to guarantee small-

signal stability across the entire range of MG operations [16].

The transition from fossil fuel vehicles to EVs is driven by the need to reduce carbon
dioxide emissions, which have a direct impact on climate change and global warming. The
increasing popularity of EVs as an eco-friendly alternative to fossil fuel vehicles has led
to the need for efficient and fast-charging solutions [17]. However, the onboard chargers

connected to single-phase or three-phase AC domestic supply, which are commonly used,
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cannot fulfill the technical requirements of battery fast charging [18]. To achieve rapid
charging, a significant amount of DC power is required, necessitating the supply of the
charging station MG from a medium voltage (MV) AC source. This connection can be
accomplished through a low frequency transformer (LFT), a hybrid transformer (HT), or
a SST. The motivation of the thesis is to present the state of the art of ultra-fast charging
stations, particularly focusing on DC SST-based stations, which allow the integration of re-
newable energies, energy storage, and AC/DC loads, forming an AC/DC/Hybrid MG [19].
In contrast, LFT-based charging stations lack renewable energy integration but offer high
reliability. Among the options, SSTs offer advantages such as higher control freedom, en-
ergy storage integration, smaller size, fault current limitation, and bidirectional power flow
capability [20]. With advancements in high-voltage high-power silicon carbide (SiC) and
gallium nitride (GaN) devices, SSTs have become promising for high-power applications

[21].

1.3 Objectives of the Thesis

Overall, the thesis aims to provide comprehensive strategies for enhancing the efficiency,
stability, reliability, and resilience of modern power systems through the integration and
control of distributed power in MGs. Different flow of power in a MG have been in-
vestigated which is shown in Fig 1.1. Through the analysis has been done, we aim to

accomplish the following objectives:

* To investigate the challenges associated with the control of distributed power in
MGs and its impact on system stability, power quality, and the efficient utilisation

of renewable energy resources.
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Figure 1.1: The different scenarios of power distribution in a hybrid MG.

* To develop a comprehensive control strategy for a PV-fed multifunctional grid-
connected inverter to optimise power extraction from PV arrays, maintain grid com-

patibility, and compensate for harmonics and reactive power.

* To design and optimise controller parameters for MGs operating in islanded mode
to ensure system stability and desirable power sharing among distributed generation

units.

* To explore the potential benefits of SSTs in ultra-fast charging stations within MGs,
including increased control capability, reduced size, and weight of the MG electrical

architecture.
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* To review existing SST features and propose a classification of SST-based architec-

tures for charging stations in MGs.

* To address diverse challenges in MGs, including control, stability, power sharing,

power converter design, grid connection, and renewable energy integration.

* To contribute to the advancement of MG technologies and facilitate the transition

towards sustainable and resilient energy systems.

By achieving these research objectives, the thesis aims to contribute to the advance-
ment of MG technologies, ensuring their effective integration into the modern power sys-

tem and supporting the transition to a sustainable and resilient energy future.

1.4 Thesis Structure

This thesis 1s divided into three sub-studies. In the first sub-study, the focus is on the
control of a PV-fed multifunctional grid-connected inverter. This study addresses the chal-
lenges posed by nonlinear and unbalanced loads, aiming to optimise power extraction from
PV arrays while maintaining grid compatibility and compensating for harmonics and reac-
tive power. The proposed control strategy, based on a quasi-PR controller with harmonic
compensators, demonstrates superior performance in tracking sinusoidal references and
effectively compensating for the impact of nonlinear loads. The methodology, results, and

conclusion pertaining to this sub-study can be found in Chapters 2.

The second sub-study attention is directed towards the control of MGs in islanded

mode, where the MG operates autonomously without a connection to the main grid. In
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this context, the selection and optimisation of controller parameters play a crucial role in
maintaining system stability and ensuring desirable power sharing among distributed gen-
eration units. The study formulates an optimisation problem based on a state-space model
of a VSI and employs PSO, GA, and a hybrid PSO-GA approach to determine optimised
controller parameters. This approach offers a simple yet effective design methodology
that guarantees stability and enhances performance across various operating conditions,
regardless of the number of inverters, system configuration, output impedance differences,

and load types. The result is presented in Chapter 3.

In chapter 4, the electrical architecture of ultra-fast charging stations in MGs, con-
sidering the replacement of low-frequency service transformers with SSTs. The adoption
of SSTs in ultra-fast charging offers advantages such as increased control capability, re-
duced size, and weight of the MG electrical architecture. The chapter presents a review of
existing SST features and proposes a classification of SST-based architectures for charg-
ing stations. The findings highlight the potential of SSTs in improving power conversion
efficiency and addressing power imbalance issues in ultra-fast charging applications, ulti-
mately contributing to the development of efficient and compact MG electrical architec-

tures.

Chapter 5 serves as the concluding chapter, highlighting the key contributions and main
conclusions of the dissertation. It emphasises the significance of these findings. Addition-
ally, the chapter outlines potential avenues for future research and further developments
in the field. These proposed research directions aim to enhance the distribution of power
in MGs, to improve MG stability and efficiency, and to contribute to the advancement of

ultra-fast charging techniques in the future power system grid.
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Chapter 2

PV Field to the Grid

2.1 Abstract

The use of APFs in future power grids with high penetration of nonlinear loads is unavoid-
able. The VSIs interfacing PV generator could play the APF role in addition to power
supply. In this chapter, the control of a PV-fed multifunctional grid-connected three-phase
VSI is addressed with nonlinear and unbalanced load. The control objective is threefold.
The first one is to deliver the maximum available power from the PV source to the grid sat-
isfying power quality standards. The second one is the Voltage Balancing Control (VBC)
for DC-link capacitors to guarantee correct operation of the VSI. The last one is shunt APF
control to compensate for nonlinear and unbalanced load harmonics, reactive power, and
unbalanced sequences. A quasi-PR controller with harmonic compensators is proposed for
the current control loop. The quasi-PR controller parameters are determined through opti-
mization algorithms such as PSO, GA, and a combination of both PSO and GA. The aim
of the objective function is to improve static and dynamic behavior. The different gains

at the fundamental resonant frequency and the selected odd harmonics are obtained for
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the proposed quasi-PR controller. The dynamic characteristics of the optimized quasi-PR
controllers show superiority against conventional ones in terms of gain margin, phase mar-
gin, overshoot, and robustness. With the proposed control scheme, the harmonics, reactive
power, and unbalanced sequences are appropriately compensated. The performance of the
PV-fed VSI shunt APF under irradiance change, load change, and distorted grid voltage
conditions is validated through numerical simulations performed on PSIM® software. The
results show that the grid currents Total Harmonic Distortion (THD) for irradiance change
case study are 4.57%, 4.57%, and 3.22% in phase a, b, and ¢ with the proposed control
method while they are 9.25%, 5.65%, and 10.12% with conventional instantaneous p — g

theory.

2.2 Introduction

Conventional power systems are experiencing serious challenges such as fossil fuel de-
pletion, low energy efficiency, and environmental pollution. These problems are the main
driving factors toward using renewable energy resources [9]. These sources of energy are
intermittent in nature; hence, interfacing power electronics converters are necessary to reg-
ulate voltage, current, and power. These converters are the sources of harmonic pollution
in the power system. Nonlinear loads, such as diode-rectifiers, arc furnaces, electrified
railways, and frequency control devices could be considered as other sources of harmonic
pollution which may jeopardize the power system’s safe and stable operation and may
create serious power quality problems for both customers and suppliers. The harmonic
power losses can lead to a rise in operational costs and create additional heating issues in
power system components [11]. This can give rise to a reduction in their life span. As

an example, the harmonic losses in facility transformers at the point of common coupling
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(PCC) can lead to an increase in the aging costs [12], [22]. Other problems are overheat-
ing of capacitors, voltage waveform distortion, voltage flicker, and interference with the
communication system. Moreover, the IEEE standard limit is 5% total harmonic distortion
(THD) at PCC [23]. To cope with the power quality problems, active power filters (APF)
and passive power filters [24] have been extensively used in industrial applications. They
can be utilized for harmonic current compensation and harmonic voltage suppression in

both shunt and series modes of operation.

In a grid-connected VSI with photovoltaic-fed (PV-fed) system, the connection to the
three-phase power grid is realized through a DC-link and an inverter. This inverter could
work with multifunctional capability, including APF and power supply [25]. As a con-
sequence, the control of a grid-connected PV-fed VSI can realize different aims such as
delivering maximum power to the main grid, guaranteeing grid current high power qual-
ity, satisfying IEEE standards, and compensating for the nonlinear local load harmonics,

reactive power, and unbalanced sequences.

The most popular control strategies for shunt APF compensation are the instantaneous
p — q power theory, based on abc to a0 Clarke transformation, and the abc power the-
ory [13]. The performance from the p — g theory is poor under three-phase unbalanced
load current and distorted grid voltage. The algorithm may produce some harmonics in
the grid current, namely hidden currents, which are not present in the local load currents
[26]. In addition, the algorithm suffers from extra calculation effort in case of multiple
harmonic eliminations. In the abc power theory, the active and nonactive components of
the currents are obtained through a minimization technique such as the Lagrange Multi-
plier method and the generalized Fryze currents [27]. In the first method, the constraint

of the minimization problem is the three-phase instantaneous active power. This method
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results in poor performance for inconstant three-phase active power and in presence of
zero-sequence components. Therefore, the compensation technique will draw undesir-
able zero-sequence current from the network [28]. In the second minimization method,
the average value of three-phase instantaneous active power is used to obtain the active
components of the currents. As a result, the algorithm is not an instantaneous theory and
could have some malfunctions during transient periods [29]. To deal with these barri-
ers, a control strategy is proposed in this chapter for the shunt APF compensation. The
proposed control strategy could have desirable performance in both three-phase three-wire
and three-phase four-wire systems. Table 2.1 shows a comparative analysis of the different
shunt APF compensation methods.

Table 2.1: A comparative analysis of different shunt APF compensation methods.

Shunt APF theories Unbalanced/Distorted Zero- Transient Calculation
voltage sequence effort

Instantaneous p — ¢ Poor Poor Good Acceptable

Lagrange Multiplier Acceptable Very poor Poor Poor

Generalized Fryze currents Good Very poor Very poor Poor

The proposed method Very Good Good Good Acceptable

The proposed shunt APF control strategy is implemented in the abc reference frame.
Therefore, the current control loop reference signal is a sinusoidal waveform with har-
monic contents. The PR controller with harmonic compensators is the most usable one
in the current control loop. The PR controller design of a grid-connected VSI with an
LCL output filter is a challenging task due to the LCL inherent resonance characteristic
[30]. The control design is more challenging when harmonic compensators are added. The
PR controller with harmonic compensators is usually limited to several low-order current
harmonics since high-order harmonics can be out of control system bandwidth which can
lead to instability problems. The stability analysis of PR-controlled grid-connected invert-

ers with LCL filter is carried out in [30] which shows direct dependence on the controller
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parameters [31]. To tune controller gains, the values of harmonic resonant coefficients are
selected equally to the fundamental harmonic coefficient in [32] and in [33] and are se-
lected inversely proportional to the value of the fundamental harmonic coefficient in [31].
However, these ways of coefficient selection are not optimum way as they don’t consider
the performance of the controller in terms of steady-state and stability criteria. Moreover,
the selection of the same coefficients for the higher-order compensators may lead to sys-
tem instability. Therefore, in this chapter, the multi-resonant PR controller coefficients are
determined through optimization algorithms which considerably reduces controller design

complexity. Moreover, the system’s static and dynamic behavior are improved.

2.3 System description

Fig. 2.1 shows the scheme of the studied system in this chapter. It consists of a PV source,
a three-level boost (TLB) converter, and a three-phase four-wire grid-connected VSI with
an LCL filter. It is worth mentioning that a three-phase network with more than one
point grounded can also be classified as a three-phase four-wire system. In this system,
the TLB converter performs maximum power point tracking (MPPT) control and DC-link
voltage balancing control (VBC). The TLB is used to deliver maximum available power
from the PV source to the main grid. A three-phase inverter is interfacing with the main
grid and local load through an LCL filter to decrease switching harmonics injection. The
nonlinear and unbalanced load involving full-wave bridge rectifiers, series resistor and
inductor is located in parallel at PCC. The whole system is connected to the main grid
through the PCC. Different components of load current such as harmonics, reactive power,
and unbalanced sequences are separated through mathematical equations [34]. Using these

components, the reference of grid-side inverter current 75 is obtained and then used in
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the current control loop. The three-phase grid voltages vga, Uy, and vy are considered

sinusoidal as follows

PV cells Three-level Boost Converter Three-phase Inverter LCL filter Main Grid
YY)

Sta S1b,/) | Sie
) —%} 43} —

T

¥

oIS+

]
Q
193]
Sl
&
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[95]
ST
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Unbalanced and Nonlinear Load

Figure 2.1: The schematic circuit diagram of the studied PV-fed system interfacing TLB converter and
grid-connected three-phase inverter with shunt APF capability.

27

Vgp = Vep V2 sin(wgt — ) 2.1)
. 27T

where Vg, Vep, and Vi are the RMS values of grid voltages and wy is the grid angular

frequency. Table 2.2 shows the system parameters.

The DC-link consists of two identical capacitors each with a voltage Vpc /2 grounded
at the midpoint. The LCL filter is used to limit current harmonic pollution at the PCC
which should be below 5% according to the [23] standard. The resistive and inductive

value of the main grid at the PCC can be neglected [35]. Furthermore, the filter resistances
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Table 2.2: The circuit parameters.

Parameters Symbol Value
Grid nominal frequency fq 50Hz
PV maximum power Pax 10kW
DC-link voltage Vpe 1000V
Inverter switching frequency  fgy 16 kHz
TLB switching frequency frp 10kHz
RMS values of grid voltages Vg, ng, Vee 230V
Inverter-side inductance L1 1.8 mH
Grid-side inductance Ly 0.9mH
Filter capacitance C 11pF
DC-link capacitance C1,G 1mF
TLB inductance Ly 0.1mH
PV output capacitance Cpy 1mF
AD loop gain Kap 320)

representing parasitic losses slightly change the dynamics of the ideal LCL filter and can

also be neglected.

2.4 System control

The whole control diagram of the PV-fed VSI shunt APF is shown in Fig. 2.2. The grid-

side inverter current reference i; generation is an important task of the control system. The

proposed control method is based on extracting harmonics, negative, and zero sequences

of the local load current. First, the harmonic content of the three-phase load current is

separated from its fundamental value by subtraction from the measured load current. The

load current fundamental components enter the inverse Fortescue transformation to real-

ize the unbalanced sequences of the local load current. The negative and zero sequence

of grid-side inverter current references i, ’ and ig , are set to the load current negative
re re
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and zero sequences. Thereafter, the positive sequence of grid-side inverter current iZ o is
obtained according to the PV power, local load reactive power, RMS value of the grid volt-
age, and grid synchronization term. Then, Fortescue transformation is used to determine
compensated currents iy, i2p,,,» and ioc. . for each phase. The load current harmonic
contents iyq,;, irp,» and ifc,, are all added to the compensated currents to obtain the grid-
side inverter current references i;a, i;b, and ié‘c. A multi-resonant controller is used for
the current control loop. It has 3", 5t 7th gth 17t and 13™ harmonic compensators to

accurately track the references.
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Figure 2.2: The control diagram of the PV-fed VSI shunt APF.

2.4.1 MPPT control of the PV source with TLB converter

The output power of a PV generator is dependent on solar irradiation and ambient tempera-
ture. The power-voltage curve of a PV source has a maximum power point (MPP) value. In
order to make the system to operate at MPP, different techniques have been proposed such
as perturbation and observation (P&O), incremental conductance, and ripple correlation

[36]. In this chapter, the most popular algorithm, P&O, is used for MPPT control of the
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PV source through the TLB converter. The control diagram of the TLB converter is illus-
trated in Fig. 2.3. The output voltage Vpy and output current Ipy of the PV generator are
sensed and then applied as inputs to the MPPT block. The current value of the PV power
compares with the past value and a step change is applied to the desired voltage reference
Vier in the control loop. Proportional integral (PI) controllers are employed to regulate the
input voltage of the TLB converter to its reference value. As shown in Fig. 2.3, the VBC
is another important task of the TLB converter control to guarantee stable operation of the
VSI. It can be performed by a PI controller with the input of DC-link voltages subtraction.
The PI controller of VBC is designed in such a way that it should be faster than the MPPT
control. The switching patterns of the TLB converter are realized through the pulse-width
modulation (PWM) method. The phase difference of sawtooth carrier waveforms in the

TLB switches is set to 180°.

| ¢ —»{ Pl + s,

Ipy —_g|MPPT[V 0

Vbo G —»{ P | +> -5,
2
vpes 6@?;0;3%

Figure 2.3: The control scheme of the TLB converter.
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2.4.2 Grid synchronization

In the grid-connected application of VSI, the generated output voltage should be synchro-
nized with the grid voltage. The injected current to the grid should have high power qual-
ity. The phase-locked loop (PLL), zero-crossing detection, artificial neural network, and
adaptive linear neuron are some of the synchronization techniques proposed in the litera-
ture [37]. In this chapter, the PLL approach is used which has three basic functional blocks
known as phase detector, loop filter, and voltage-controlled oscillator as shown in Fig. 2.4.
The loop filter cutoff frequency w,y is selected as 30 Hz. In the proposed PLL technique,
the synchronization terms of the three-phase grid voltage, sin(wyt), sin(wgt — 2), and
sin(wgt + 2777) are obtained. Table 2.3 illustrates the selected PI controllers’ parameters

for the MPPT, VBC, and PLL determined through Ziegler—Nichols tuning method.

Table 2.3: The PI controllers’ parameters.

PI Controller Gain Time constant (s)
MPPT 0.002 0.01
VBC 0.000001 0.001
PLL 50 0.005
PLL

3 Phase Detector Loop Filter
Vga .‘_> 1 Wef
TTHV,V2 s+we
! LPF

e—pontr?olled
scillator

Voltag

Figure 2.4: The proposed PLL control scheme.
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2.4.3 Shunt APF control of VSI

In order to add the shunt APF capability to the three-phase VSI, the harmonic current
and positive sequence of grid-side inverter current reference must be determined. The
fundamental harmonic detection block is used for the load current harmonic detection. In
addition, the PV power, the load reactive power, and the grid voltage are considered for

obtaining the positive sequence of the grid-side inverter current reference.

2.4.3.1 Load current harmonic detection

In order to improve power quality in grid-connected VSIs with nonlinear loads, the detec-
tion of harmonic components is needed. These components are part of the compensation
signal in the control of grid-connected VSI [38]. A wide range of harmonic detection
methods has been used in both time and frequency domains [38]. The fast Fourier trans-
form (FFT), discrete Fourier transform, and recursive discrete Fourier transform are the
examples of frequency-domain algorithms. In addition, the synchronous reference frame
theory, the stationary frame filters, and the notch filters are some examples of the time-
domain algorithms. Here in this chapter, the FFT is used to detect load current harmonic

content.

Fundamental Harmonic Detection Block

ey -
Magnitude !

cos(wgt)  sin(wgt)

Figure 2.5: The fundamental harmonic detection block.
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Figure 2.5 illustrates the block diagram of the fundamental harmonic detection block
in phase a. The Fourier transform is utilized in each phase to extract the fundamental
harmonic magnitudes and phases. Then, the fundamental harmonic signals are built in
each phase. They are subtracted from the load currents to create the load current harmonic
reference for the current controller. In each phase, the synchronization terms sin(wqt),
cos(wqt), sin(wgt — &), cos(wgt — &), sin(wgt + ZF), and cos(wgt + 2F) are ap-
plied to the fundamental harmonic detection block. Therefore, the harmonic currents ref-
erences in phases a, b, and ¢ are extracted independently and imported to the proposed

control diagram. The three-phase load current consists of fundamental components iy,

iLbp» iLap and their harmonic terms if,,,, irp,, iLc,; Which can be expressed as follows

iLa = iLtZF + iLaH
ity =iy, +iLby 2.2
iLC = iLCp + Z‘LCH

where iy,, i1y, and if. are the three-phase load current. Therefore, the load current har-

monic references are obtained as follows

iLaH - iLa - iLap
iLby = iLb — iLby (2.3)

iLcH — Z'Lc - iLcF
2.4.3.2 Positive sequence of grid-side inverter current reference

In order to obtain the positive sequence of the grid-side inverter current reference, the

fundamental components of load current are used. The positive izL, negative i; , and zero
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sequence i% of the fundamental load current can be obtained using the inverse Fortescue

transform [13]

o 1, . .
i; = = (irap +iLp, +ircp)

3
. 1 . . .
li = g(lLaF +atpp, + ﬂZchF) (2.4)
1. . .
i = §(ILHF =+ azszF + ﬂchF)

where a = el ¥ and iZ’ can be rewritten as follows
i = I sin(wgt + ¢;) (2.5)

where [ E’ and 4)1{ are the magnitude and phase of the fundamental load current positive
sequence respectively. The magnitude of the grid-side inverter current reference positive

sequence Izt y is dependent on the PV power Ppy which can be obtained as follows

Ppy
IF =42
27€f \/—SVga (2'6)

The phase of the grid-side inverter current reference positive sequence q>12+ is obtained
ref
through the PV power and the load reactive power Q;. By neglecting the TLB power

losses, the inverter active power P; can be considered equal to Ppy. The load reactive
power is defined as follows
I+
— L
QL= 3Vgaﬁ sin ¢+ (2.7)
Therefore, the phase of grid-side inverter current reference positive sequence can be found
as follows

180
¢+ = — arctan — (2.8)
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As a result, the positive sequence of the grid-side inverter current reference i;’r y is given
by
iy =1L sin(wet+ ¢+ ) (2.9)
ref ref zref

The block diagram of the grid-side inverter current reference positive sequence determi-

nation is illustrated in Fig. 2.6.

+
2ref

[

Zz — Fundamental

. Harmonic
sin(wgt)—  pliection
cos(wgt)—m  Block

cos(wgt)  sin(wgyt)

Figure 2.6: The determination of positive sequence of the grid-side inverter current reference involving
reactive power compensation.

It could be equivalently expressed in the extended form as follows

+

iy, = I;;ef(sin wgt cos (plztef + cos wyt sin (Plzt ) (2.10)

of

At last, the compensated currents iz, 12p,,,,» and iz, in each phase can be found as

follows
12acom - lzref + l2ref + lzref

. o -0 2 . J—
Dbeom = 12,4, +a eref + azzref (2.11)

. _ -0 e 2.
Decom = lsz + al2ref +a lzyef
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where i2_y g i; and igmf = i%. By the summation of the compensated current reference
and harmonic current reference, the reference of the grid-side inverter currents i5,, i3, and
i5. for shunt APF control of the VSI are given by

i>2ka iZawm + iLaH
i3y = b0 + iLby (2.12)

i>2kc = izccom + iLCH
2.4.4 Current control loop with AD

Different types of controllers have been used for the current control of grid-connected
VSIs such as PI, PR [39], predictive [40], hysteresis, and sliding mode control [41]. The
PI control strategy in the dq reference frame is the widely used one [42]. It has a desirable
performance in balanced systems. However, it has poor performance in unbalanced and
nonlinear systems [43]. In this chapter, since all the reference signals are sinusoidal; there-
fore, the PR controller is utilized. This controller has less steady-state error and selective

harmonics compensation capability [44].

Furthermore, the high peaking at LCL filter resonant frequency may lead to instability
issues. To solve this problem, different damping techniques such as passive damping (PD)
and active damping (AD) have been proposed. The PD consists of adding a resistor to
one of the filter elements. The use of a resistor as a damper leads to extra losses and
less efficiency. Another damping method is the AD method which consists of adding a
feedback path to the control system. The advantage of this technique is the removal of
power loss. However, it needs an extra sensor and adds complexity to the control system

[45]. The damping technique used in this chapter is an AD based on the capacitor current
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feedback loop as illustrated in Fig. 2.2.

2.4.4.1 Quasi multi-resonant controller design

The transfer function of the LCL output filter with the additional AD feedback from the

inverter output voltage v, to the grid-side inverter current i, is

1
a L1L,Cs3 + LyCKaps? + (Ll + Lz)s

Goys(s) (2.13)

In the current control loop, a multi-resonant PR controller is used. The transfer function
of the proposed multi-resonant PR controller with odd harmonic compensators up to 13™
can be expressed as follows

7 ZKi(Zh_l)wcS

Gq(s) = Kp +
e(s) P ]Esz—i—chstw%h_l

(2.14)

where Kp is the proportional gain, Ki(2h—1) |n—1..7 are the resonant gains at the fundamen-
tal and selected odd harmonics, w, is the cutoff frequency, and wy;,_q is the frequency
of the 2h — 1-th odd harmonics. Therefore, the transfer function of open-loop system

Ge(s).Gsys(s) is
. El1514 + 6!1513 +---+da5

Gop(s) (2.15)

where aq,- -+ , a5 are the nominator and by, - - - ,bg are the dominator coefficients of
open-loop system. As shown in (2.15), the system loop is 17" order. Therefore, tuning
the multi-resonant PR controller parameters is a challenging task. To select the controller
parameters, different contradictory constraints should be considered. The first one is the

requirement of steady-state error for the grid current. It is related to the magnitude of the
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loop gain at the fundamental frequency f,. The second and the last constraints are the
gain margin and the phase margin respectively. Hence, a satisfactory region detection for
the controller parameters is complex [46]. It is worth mentioning that if the steady-state
error, phase margin, and gain margin specifications are excessively strict, the parametric
region may be very small or perhaps non-existent. Therefore, in the literature, a simple
PR controller is designed for the fundamental component and then its gain is used for all

harmonic compensators.

The nine parameters w., Kp, Kj1, K;3, K;5, Ki7, Kj9, Kj11, and Kj13 need to be selected
for the proposed quasi-PR current controller. The first one is w, which is related to the grid
frequency by 27t f;Af, [47]. To design we, the standard limit of grid frequency variation
Afy is considered +1%; thereby leading to w, ~ 3. This value can satisfy a desirable
bandwidth around the resonant frequencies. The application of optimization theories is
vastly adopted in modern power systems [48], [49]. Also in this chapter, to determine
the next eight quasi-PR controller parameters, PSO, GA, and a combination of PSO and
GA named PSO-GA are employed. The objectives of the optimization algorithm are to
improve dynamic behavior, stability margins, and reduce the steady-state error at selected
odd harmonics. In the rest of this sub-section, firstly, the PSO, GA, and PSO-GA algo-

rithms are briefly reviewed and then an optimum quasi-PR current controller is designed.

2.4.4.2 Optimization algorithms definition

The most popular optimization method is the PSO algorithm. The PSO evolutionary algo-
rithm imitates the social interaction of flocks of birds. It makes sufficient use of probabilis-

tic transition rules to do parallel searches of the huge solution space. The feasibility and
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simplicity of the PSO algorithm make it a popular method for many optimization prob-
lems. The PSO algorithm utilizes a swarm of particles, which seek out a multidimensional
search space to find the best solution. Each particle has the potential to be the best solution
and is affected by the neighbor’s experiences. In each iteration of PSO algorithm, i—th
particle have a present position x; (), previous position x;(f — 1), and moving velocity

v;(t) in the t—th iteration. The position and velocity of the particle are updated as follows

xi(t) = xi(t = 1) +vi(t)
vi(t) = Wo;(t — 1) + c1p(pbest — x;(t —1)) + - - - (2.16)
+ cpp(gbest — x;(t — 1))

where W is the PSO inertia weight, c1 and ¢, are acceleration factors and p is a uniformly
distributed random number between 0 and 1. The variables pbest and gbest are the per-
sonal best experience and global best experience respectively. From equation (2.16), it is
obvious that each particle velocity contains three parts. The first one introduces the search-
ing ability of the PSO. The second one is related to the personal experience of the particle,
called private thinking, and the last one is related to the global experience of all particles,
named collaboration thinking. The PSO coefficients c1, ¢ determine the movement speed
of particles to pbest and gbest locations. Particles may become away from target zones
with small values of ¢, co. However, large values of these coefficients may result in fast
movement in the searching zone. Many research works proved that the acceleration con-
stants ¢1 and ¢ should be selected between 1 and 2 [50]. The inertia weight W is chosen
to make a balance between global and local exploration which results in less number of
iterations to find a relatively optimal solution [51]. Figure 2.7 shows the flowchart of the

proposed PSO algorithm.
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Figure 2.7: The PSO algorithm flowchart.

Iteration=Iteration+1

Another popular optimization algorithm is the GA method. This algorithm is based
on a natural selection process mimicking biological evolution. First, a random population
of individual solutions is considered. Then, crossover and mutation are applied to the
current population in order to create new children. The best solutions for the current
population and the created children are considered for the next generation. The algorithm
will stop searching when a certain criterion is achieved. The flowchart of the proposed GA

algorithm is shown in Figure 2.8.

The last optimization technique used in this chapter is the combination of the two
previous optimization algorithms, called as PSO-GA. In the PSO-GA, both abilities of
PSO and GA coexist in one optimization algorithm [52]. In this method, both operators
of PSO and GA, including personal experience, global experience, crossover, mutation,
and selection are applied in each iteration. Figure 2.9 shows the flowchart of the proposed

PSO-GA algorithm.
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Figure 2.8: The GA algorithm flowchart.
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Figure 2.9: The PSO-GA algorithm flowchart.
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2.4.4.3 Designing multi-resonant PR parameters by optimization algorithms

In this section, the proposed design approach of multi-resonant controllers’ coefficients is
presented. The design approach is formulated as an optimization problem. The optimum
values for the control system coefficients Kp, Kj1, Kj3, Kj5, Ki7, Kj9, Kj11, and Kj13 are
obtained through different optimization techniques including PSO, GA, and PSO-GA. The
objective function is selected to improve the system dynamic behaviour, stability region,

and steady-state response and it is expressed as follows

Objective Function = —(Gm + Pm + « 27: Mago, 1) (2.17)
h=1

where Gm, Pm, and Magy;,_1 are the gain margin, phase margin, and harmonic magni-
tudes in the open loop system respectively. It should be noticed that the more magnitude
at the selected frequencies, the least steady-state error at that harmonics. The factor a is
added to the objective function in order to make a trade-off between stability and steady-
state error at selected frequencies. This factor is set to 0.3 based on the authors’ experience
in the optimization running. The optimization techniques parameters are shown in Table

2.4.

Table 2.4: The optimization techniques parameters.

Parameters Value
Population size 50
PSO acceleration coefficients 1.5
PSO inertia weight 0.73
GA crossover rate 0.7
GA mutation rate 0.2

Arithmetic crossover parameter 0.1
Search interval of variables [0,1000]
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Figure 2.10: The objective function convergence for different optimization algorithms.

The optimum values of the control system coefficients obtained through different op-

timization techniques are given in Table 2.5.

Figure 2.10 shows the evolution of the objective function in terms of the iteration
number with the proposed PSO, GA, and PSO-GA algorithms. The figure shows that
the objective function convergence is very close to its optimum value with less than 40

iterations.

Table 2.6 shows the comparative analysis among the PSO-tuned, GA-tuned, and PSO-
GA-tuned quasi-PR controllers and conventional PR controller (Conv.) with fixed gains
at harmonic compensators. It can be seen that the gain margin, phase margin, and over-

shoot of the control system designed with optimization algorithms are more desirable than
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Table 2.5: The obtained quasi-PR controller parameters through PSO, GA, and PSO-GA algorithms.

Parameters Conv. PSO GA PSO-GA

Kp 15 1556 1571 15.56
Ki 850  650.80 661.91 650.27
Kis 850 63533 65322 635.09
K;s 850  605.16 620.66 604.75
K7 850  559.33 57542 559.12
Kio 850 49821 512.82 498.07
Kin 850 42179 43828 421.37
K3 850  328.83 344.44 328.66

the conventionally designed controller. The phase margin, gain margin, and minimum
magnitude at selected frequencies for the proposed quasi-PR controller with optimized
parameters are obtained as 8.11 dB, 31.8°, and 29.8 dB respectively. These values are ap-
propriate for the practical control systems [53]. With these values, the control system has
satisfactory performance in terms of asymptotic stability and steady-state error at selected

odd harmonics.

The comparative bode plot of the open-loop system with optimized quasi-PR con-
trollers and the conventional controller is shown in Fig. 2.11 where the previous values of
gain margin and phase margin can be appreciated. It is noteworthy that such stable margins

cannot be obtained without the necessary damping which had been applied to the system.

Table 2.6: The dynamic performance comparative analysis.

Variable Conv. GA PSO PSO-GA
Gain Margin 7.01dB  7.98dB 8.11dB 8.11dB
Phase Margin  20.52° 31.33° 31.85° 31.86°
Overshoot 59.4% 46.9%  46.1%  46.03%
Robustness Unstable Stable Stable Stable
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Figure 2.11: The bode-diagram of the open loop system with different controllers.

In Fig. 2.12, the step response of the closed-loop system with optimized quasi-PR con-
trollers has been compared with the conventional PR controller. Moreover, the robustness
of the optimized controllers against system parameter changes is shown in Fig. 2.13. The
filter inductances and capacitance increase 50% which leads to instability in the system
with conventional controller. However, the systems with optimized controllers are still
stable. From these figures, it can be seen that the stability and robustness of system has

improved with optimized quasi-PR controllers.

2.4.5 Inverter modulation technique

The last step is to obtain switching patterns of the VSI. There are different modulation
techniques for three-phase inverters. The sinusoidal PWM (SPWM) and space vector

PWM (SVPWM) are the widely used ones. In this chapter, the SPWM technique is used.
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The Step Response of the Closed-loop System
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Figure 2.12: The step response of the closed-loop system with different controllers.
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Figure 2.13: The bode-diagram of the open loop system when LCL filter parameters increase by 50%.
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In this method, the same amplitude triangular carriers between —1 to 1 are applied for

each phase. The switching pattern of VSI is determined as previously shown in Fig. 2.2.

2.5 Simulation results

In this section, the effectiveness of the proposed control approach using optimized con-
troller is validated through numerical simulation performed on PSIM® software. The per-
formance of the system is thoroughly analyzed under PV irradiation step change, nonlinear
and unbalanced load step change, and distorted grid voltage. Moreover, the performance
of proposed control method is compared with the conventional instantaneous p — g theory.

The nonlinear and unbalanced load parameters are given by Table 2.7.

Table 2.7: The nonlinear and unbalanced load parameters.

Variable Value Variable Value

Ri, 00 L, 60 mH
Ry 200 Ry, 200
Rpc 100 Ry, 200
Lia 60mH Ly, 60 mH
LLb 20mH LLZ 100 mH

2.5.1 PV irradiation step change

In the first case study, in order to analyze the PV-fed VSI shunt APF performance, an
irradiation step change for the PV is applied at t = 0.2 s from 1000 W /m? to 700 W /m?.

The three-phase grid current, load current, and grid-side inverter current are illustrated in
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ig(A)
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- -y, '

ir(A)

Figure 2.14: The three-phase currents under PV irradiation step change at t = 0.2 s: (a) grid; (b) load; (¢)
inverter.

Fig. 2.14. The grid currents THD are 4.57%, 4.57%, and 3.22% in phase a, b, and c. The
harmonic content of nonlinear and unbalanced load three-phase currents ir,,,, i1y, and
irc; are shown in Fig. 2.15. The performance of MPPT and VBC control are illustrated
in Fig. 2.16. As shown in this figure, the PV output voltage is appropriately tracking
the reference voltage provided by the MPPT. Moreover, the DC-link voltages in the TLB

converter output are balanced.

The grid current and voltage are shown in Fig. 2.17(a). It can be seen in this figure that
the grid current and voltage are in phase. It means that the reactive power is effectively
compensated. Fig. 2.17(b) and Fig. 2.17(c) illustrate the active and reactive power of the
inverter, grid, and load. It can be seen that the injected grid power decreases when the PV

output power reduces.

The results from the instantaneous p — g theory and from the proposed method are
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Harmonic content of the load currents
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Figure 2.15: The harmonic content of nonlinear and unbalanced load three-phase current.
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Figure 2.16: The TLB performance under PV irradiation step change at t = 0.2 s: (a) MPPT power
tracking; (b) MPPT voltage tracking; (¢) DC-link voltages.
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shown in Fig. 2.18. As shown in this figure, the THD and the current unbalance factor
(CUF) of the three-phase grid current for the proposed shunt APF control method are
better than instantaneous p — g theory. Namely, the CUF of negative and zero sequences
of the grid current are 5% and 1.4% for the proposed shunt APF control method. However,

they are 15% and 1.7% for the conventional instantaneous p — ¢ theory.
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Figure 2.17: The grid current and voltage, active power, and reactive power under PV irradiation step change
att = 0.2 s: (a) grid current and voltage; (b) active power; (c¢) reactive power.

2.5.2 Nonlinear and unbalanced load step change

In the second case study of analyzing the PV-fed shunt APF inverter, a load step change is
applied at t = 0.2 s. The resistances of Ry, Ry, and Ry, reduce to their half values and
Rp, changes to 8 () at t = 0.2 s. The three-phase grid current, load current, and grid-side

inverter current are illustrated in Fig. 2.19. The nonlinear and unbalanced load three-phase
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(a) The proposed method

20
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0.15 0.2 0.25

Figure 2.18: The comparison of three-phase grid current between instantaneous p — ¢ theory and the pro-
posed control method under PV irradiation step change.
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Figure 2.19: The three-phase currents under load step change at t = 0.2 s: (a) grid; (b) load; (c¢) inverter.
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current and its harmonic content are shown in Fig. 2.20. The performance of MPPT and
VBC control under load step change is depicted in Fig. 2.21. As shown in this figure, the

MPPT and VBC are properly tracking the references.

In Fig. 2.22(a), the grid current and voltage are illustrated. As shown in this figure,
the grid current and grid voltage are in phase. Therefore, the load reactive power is totally
compensated through the VSI. The active and reactive power of the inverter, the grid, and
the load are illustrated in Fig. 2.22(b) and Fig. 2.22(c). The PV power is fixed at 10 kW.
Therefore, when the load power undergoes a step change, the main grid’s active power

decreases.

The three-phase grid current is shown in Fig. 2.23 for both when the instantaneous p —
g theory used and the proposed control method. From this figure, the THD of ig,, the THD

of i,;,, the THD of i ¢c» negative sequence CUF, and zero sequence CUF are 5.34%, 5.79%,

8b>
3.8%, 8.2%, and 2.34% for the proposed shunt APF control method respectively. These
values validate the more satisfactory performance of the proposed method in comparison

with conventional instantaneous p — g theory.

2.5.3 Distorted grid voltage

The performance of the proposed PV-fed shunt APF inverter is also analyzed under dis-
torted grid voltages. The third harmonic with a magnitude of 60V is added to the grid
voltage vg,. The three-phase distorted grid voltage is illustrated in Fig. 2.24. The three-
phase grid current, load current, and grid-side inverter current are illustrated in Fig. 2.25.
The grid currents THD with the proposed control method are 5.87%, 5.12%, and 3.73%

while they are 10.33%, 7.97%, and 8% with instantaneous p — g theory. In addition,
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Figure 2.20: Nonlinear and unbalanced load three-phase current and its harmonic content.
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Figure 2.21: The TLB performance under load step change at t = 0.2 s: (a) MPPT power tracking; (b)
MPPT voltage tracking; (¢) DC-link voltages.
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Figure 2.22: The grid current and voltage, active power, and reactive power under load step change at
t = 0.2 s: (a) grid current and voltage; (b) active power; (¢) reactive power.
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Figure 2.23: The comparison of three-phase grid current between instantaneous p — ¢ theory and the pro-
posed control method under load step change.
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the three-phase grid current negative and zero CUF with the proposed control method are
8.2% and 2% respectively. However, they are 24.2% and 3% with instantaneous p — g

theory.

The performance of MPPT and VBC control under distorted grid voltage is illustrated
in Fig. 2.26. It can be seen from this figure that the MPPT control and VBC have the

desirable performances.

The grid current and voltage are illustrated in Fig. 2.27(a). As shown in this fig-
ure, there is no any reactive power consumption from the main grid. Fig. 2.27(b) and
Fig. 2.27(c) illustrate the active and reactive power of the inverter, the grid, and the load.

The PV power is fixed at Py;y, 10 kW.

The instantaneous p — g theory and the proposed control method are compared in
Fig. 2.28. It can be observed that the three-phase grid current with the proposed shunt
APF control method is balanced and has less harmonic pollution than the conventional

instantaneous p — g theory.

The comparative analysis of the proposed control method and the conventional instan-

taneous p — g theory for different case studies are given by Table 2.8.

Table 2.8: The grid current THD and CUF in both instantaneous p — g and proposed method for different
case studies.

Variables PV irradiation step change Load step change Distorted grid voltage

p — q theory proposed method | p — g theory proposed method | p — g theory proposed method
THD of ig, 9.25% 4.57% 6.21% 5.34% 10.33% 5.87%
THD of i 5.65% 4.57% 7.84% 5.79% 7.97% 5.12%
THD of ig, 10.12% 3.22% 6.69% 3.8% 8% 3.73%
CUF I; /Ig+ 15% 5% 15.6% 8.2% 24.2% 8.2%
CUF I?, /1 ; 1.7% 1.4% 2.56% 2.34% 3% 2%
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Figure 2.26: The TLB performance under distorted grid voltage: (a) MPPT power tracking; (b) MPPT
voltage tracking; (¢) DC-link voltages.
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Figure 2.27: The grid current and voltage, active power, and reactive power under distorted grid voltage
(a) grid current and voltage; (b) active power; (c) reactive power.
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Figure 2.28: The comparison of three-phase grid current between instantaneous p — ¢ theory and the pro-
posed control method under distorted grid voltage.

2.6 Conclusions

In this chapter, the control of a PV-fed multifunctional grid-connected inverter has been
addressed. The studied system consists of a TLB, a three-phase VSI, an LCL output
filter, and a nonlinear and unbalanced load. The shunt APF control strategy has been
presented to control the grid-side three-phase inverter current. A quasi-PR controller was
employed to track the sinusoidal references properly due to the presence of nonlinear local
load, containing harmonic pollution. To determine controller parameters, optimization
algorithms with novel objective function have been used. The parameters of the objective
function have been chosen based on static and dynamic performances. Each harmonic
compensator of the quasi-PR controller has its own resonant gain with zero steady-state
error at that particular harmonic. By virtue of the proposed control method, the PV-fed

VSI can act as a shunt APF, capable of compensating harmonic currents, reactive power,
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and load unbalanced sequences. The proposed method with an optimized controller shows
superiority against the conventional control technique. Its effectiveness has been verified
by detailed simulations performed on the switched model of the system implemented in

PSIM® software. Its advantages can be summarized as follows

* Injecting the PV power adaptively in grid-connected application with low grid cur-

rent THD;

* Desirable performance under irradiation step change, load step change, and distorted

grid-voltage;
* Operating of the VSI as a shunt APF and a reactive power compensator;

* Removing zero and negative sequences from the main grid current and desirable

CUF;
» Optimized quasi-PR controller for grid-side inverter current control;

 Desirable dynamic stability and reference tracking for the control system.
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Chapter 3

Islanding Operation of a Microgrid

3.1 Abstract

Load and supply parameters may be uncertain in MGs due for instance to the intermittent
nature of renewable energy sources among others. Guaranteeing reliable and stable MGs
despite parameter uncertainties is crucial for their correct operation. Their stability and
dynamical features are directly related to the controllers’ parameters and power-sharing
coefficients. Hence, to maintain power good quality within the desirable range of system
parameters and to have a satisfactory response to sudden load changes, careful selection of
the controllers and power-sharing coefficients are necessary. In this chapter, a simple de-
sign approach for the optimal design of controllers’ parameters is presented in an islanded
MG. To that aim, an optimization problem is formulated based on a small-signal state-
space model and solved by three different optimization techniques including PSO, GA,
and a proposed approach based on the combination of both PSO and GA. The optimized
coefficients are selected to guarantee desirable static and dynamic responses in a wide

range of operations regardless of the number of inverters, system configuration, output
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impedance differences, and load types. Through the proposed design and tuning method,
the performance of the MG is improved as compared to those obtained using state-of-
art techniques. This fact is demonstrated by using numerical simulations performed on a

detailed model implemented in PSIM® software.

3.2 Introduction

With the use of distributed renewable energy sources that can be utilized locally to produce
and feed electric power, the concept of MGs has emerged. The MGs have two operating
modes: grid-connected and islanded mode [54]. The issue of power balance between
production and consumption, which is equivalent to the load and frequency control has
been one of the major challenges in the islanded mode of operation [14]. Imbalances
between DGs and loads in MGs create frequency fluctuation which leads to a decrease
in power quality or even may put the system stability at risk [55]. Furthermore, high
penetration of renewable energies in MGs can bring uncertainties due to unpredictable
environmental changes in terms of solar irradiance, temperature, wind speed, etc. [56].
Therefore, a robust control technique is needed to guarantee the small-signal stability of
MGs despite load or source changes. In the islanded mode of operation, the most usable
controller is the PI corrector which is implemented in a two-loop hierarchical structure.
Namely, power control is performed by an outer control loop with low bandwidth while
an inner control loop with higher bandwidth than the outer loop is responsible for voltage
and current control [9]. The responsibility of the inner current and voltage controller
loops is to track voltage and current reference values during disturbances as well as to
damp output filter resonances [57]. The aim of the outer loop is to guarantee active and

reactive power-sharing with other DGs. Various types of power-sharing control strategies
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have been proposed in islanding operation of MGs [58], e.g., master/slave control [59],
distributed control [60], and droop control [15]. Among them, the droop control strategy
inspired by the behaviour of synchronous generators has more advantages such as the
capability of applying in both modes of MG operations, needless communication lines

among DGs, and plug-and-play functionality [61].

Based on the type of common bus voltages, MGs are classified into AC [62], DC [63]
and hybrid AC/DC [64]. In the case of AC MGs, voltage-source inverters (VSI) are used as
interfaces between the common bus voltage and the load. These VSIs have lower physical
inertia in comparison with synchronous generators [65] which means that their dynamic
response is much faster. This fast dynamic response makes them vulnerable in front of
different disturbances. Therefore, for the reliable operation of MGs, small-signal stability
is required in a wide range of operations [66]. The power quality and stability of MGs are
affected by droop control coefficients and controllers’ parameters. In [67], it is proved,
by using root locus and sensitivity analysis, that the low-frequency eigenvalues of the MG
are strictly sensitive to the droop controller parameters. Therefore, the selection of con-
trollers’ coefficients needs careful attention [16] to satisfy MG power quality conditions
and smooth and stable operation during load changes. In addition, by optimally selecting
these parameters, it is conceivable that the islanded MG can be stable in a wide range
of operations with less voltage and frequency steady-state errors. Also, in [68], even with
similar parallel inverters and identical parameters, the uncertainty brought by different out-
put impedances might destabilize the system. Different approaches have been presented
in the literature to select the controllers’ coefficients [69]. The most used ones are based
on a trial and error approach which is time-consuming, especially in a complex MG and
the tuned parameters are not the optimum ones. Furthermore, this approach does not pro-

vide a systematic guideline for the design of controllers’ coefficients in the MGs. Another
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approach is to design the controllers’ parameters in such a way that the dynamics of the
outer loop be slower than that of the inner loop [70]. Under this assumption, the inner and
outer control loops can be separately designed. Normally, the bandwidth of the outer loop
is limited to 1/10 of the inner loop [71]. However, this approach has similar disadvan-
tages to the trial and error method. The last approach to design the controllers’ coefficients
is to employ optimization algorithms such as GA [72] and PSO. They are widely used in
the MGs for different areas, such as harmonic mitigation [73] and optimal scheduling [74].
The authors in [75] used the PSO algorithm to optimally select the MG control parameters.
In their approach, the problem constraints are not exactly specified which can jeopardize
the stability of the MG. In addition, the objective function can only remove the steady-state
error of the active power. In [76] a two-layer PSO algorithm was used for parameter selec-
tion in the inverter side inductor current control theory framework. In that work, only the
effect of PI controller parameters was investigated. However, the impact of power-sharing
coefficients is also important and the choice of these parameters is critical [77]. In [78] an
online intelligent method, based on the combination of fuzzy logic and PSO techniques,
was proposed for the selection of PI parameters to control the MG frequency. In [79]
Grasshopper Optimization Algorithm (GOA) was used, and in [80] PSO was used to tune
the PI controller parameters. PSO was also used in [81] to design triple-action controllers’
parameters for an islanded AC MG. In [82], GA was used to design controller parameters
in the secondary control level of an AC MG, and in [83] a non-dominated sorting genetic
algorithm-II was used to design the parameters for the fractional order PID controller.

However, the performance of GA shows premature convergence in some cases [84].

None of the above-mentioned references provides a universal and simple design ap-

proach to tune the controllers’ parameters which guarantees the small-signal stability in the
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whole range of operation. In this chapter, regardless of the number of inverters, MG con-
figuration, output line impedance, or types of loads, a straightforward design approach is
presented. This can minimize designers’ efforts to the tuning MG controllers’ parameters
when the output impedances, the number of inverters, and MG configuration may change.
Since the VSIs are interfaced to a common bus voltage with huge coupling inductances
and the distribution lines have resistive-inductive impedances, it can be concluded that the
stable and optimal operation of each VSI can guarantee stable and optimal operation of
the whole MG provided that interacting effects are neglected. Therefore, in the proposed
design approach, the small signal analysis of a VSI is considered. A novel eigenvalues-
based objective function is defined which involves stability criteria eliminating the need of
performing sophisticated stability analysis and making the control design method simpler
than traditional techniques. Power controller coefficients, PI current and voltage controller
gains are determined through the optimization problem which is solved through different
algorithms such as PSO, GA, and proposed PSO-GA intending to improve both system
static and dynamic performances. The proposed combined PSO-GA uses both PSO and
GA. The controllers’ coefficients can be determined off-line for the worst-case scenario
of the operating point. In order to validate the proposed method, different case studies
including load changes in the two-inverter system are simulated in the islanded mode of
operation using PSIM® software. A comparative analysis among optimization algorithms
is carried out for the different case studies. The main contributions of the chapter are

listed below.

* Proposing a new simple design approach and tuning method for the optimal setting

of power, voltage, and current controllers’ coefficients.
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* Proposing novel objective function evaluating optimized parameters for the con-

trollers while ensuring the VSI stability in the whole range of operation.

* Proposing a combination of PSO and GA for parameter tuning for a VSI in an

MG application.

The rest of this chapter is organized as follows. In, Section 3.3, a complete small-
signal model of the VSI inverter in an MG application is derived. Section 3.4 is devoted to
defining the proposed design approach and formulating the optimization problem which
is solved through GA, PSO, and the proposed PSO-GA algorithm. Section 3.5 presents

simulation results for different case studies. Section 3.6 concludes the chapter.

3.3 State-Space Modelling of the Inverter

Figure 3.1 shows the control schematic diagram of a VSI in an islanded MG. The used
control strategy consists of power, voltage, and current controllers in a hierarchical struc-
ture. The current controller is the fastest one and the power controller is the slowest one.
The control is implemented in the dg reference frame. The most appropriate and simplest
controller in this frame is a PI controller [85] which is used in this study, for both current
and voltage loops. For the power controller, the droop control method is employed. As the
inverter is connected to the AC common bus through an inductor (L.), the power control
can be carried out by using two artificial linear characteristics in the inverter frequency
and voltage as shown in Figure 3.2. The frequency is set based on droop gain m, and

the voltage is set according to the droop gain 7n,. The inverter phase can be determined
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Figure 3.1: The control schematic diagram of an islanded MG.
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Figure 3.2: Artificial linear characteristics with the slope of —m1), for the inverter frequency and the slope
of —n, for the inverter voltage.

by integrating the frequency. Droop control technique arises from synchronous genera-
tor governor and inertia characteristics. As an example, when the generator has drawn,
power increases, and the rotation speed decreases [86]. Therefore, MG active and reactive
power can be controlled in the dq reference frame by manipulating inverter output voltage

magnitude and frequency as follows:

w = Wy — mpP
v;kd =V,— an (3.1)
Ugq =0
where w;, and V}, are the nominal frequency and voltage respectively. P and Q are the DC

components of instantaneous active and reactive power. It should be noted that in presence
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of more than one inverter in the MG, to build the complete small-signal model, the rota-
tion speed of one inverter 0 should be considered as a reference frame. Then, all other
inverters’ rotation speeds should translate to the one which is considered as a reference.
Figure 3.3 illustrates the block diagram of the control scheme in dg reference frame. First,
measured currents and voltages go through the dg transform block. Then, DC values of
active and reactive power are calculated with a low pass filter. The low pass filter is used
to guarantee the proper current sharing of nonlinear loads [87]. According to the dg syn-
chronous reference frame theory, harmonic components will appear in the nonlinear load
active and reactive power. These should be removed from the DC values. The DC values
of active and reactive power enter the frequency and voltage droop loops and build the
rotation angle and d-axis voltage reference value for the outer voltage controllers. The g-
axis voltage reference value is set to zero. Thereafter, the outputs of PI voltage controllers
plus a portion of dg-axis voltages and dg-axis output currents make the reference value
of inner current controllers. The calculated reference value for the inverter voltage goes
through an inverse dq transform block to build three-phase signals for the inverter pulse

width modulation.

A complete small-signal model of an islanded MG, which is detailed by [67], [88], is
briefly presented here. Combining the state-space model of power, voltage, and current

controllers and linearizing the models at the operating point yields to (3.2).
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Figure 3.3: Block diagram of control scheme in dq reference frame.
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In (3.2), ¢4, ¢q, P4, and P, are the state variables of current and voltage controllers.
Vs Vigs Ligs Ligs Togs Tog, Voa, Voq are the operating points of the MG and w is the cut-
off frequency of power controller. Ky, Ky, Kpc, Kj are the proportional and the integral
gains of the voltage and current controllers respectively while F is the gain of dynamic
improvement loop. As it is shown in (3.2), the state matrix for an islanded MG with only
one inverter has 13 X 13 dimension. Therefore, it has 13 eigenvalues and their locus in

the complex plain are shown in Figure 3.4. The comparison of the small-signal average

Eigenvalue spectrum of inverter state matrix
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Figure 3.4: The eigenvalues of the small-signal model of the islanded MG with one inverter.

model of the islanded MG with one inverter and the large-signal switched model is shown
in Figure 3.5. The islanded MG operation point changes from a normal one to another

operating condition with 100% load step change.
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Figure 3.5: The validation of the small-signal model of the islanded MG with one inverter: (a) d-axis
current; (b) g-axis current.
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3.4 Proposed Design Approach

In this section, the proposed design approach of controllers’ coefficients is presented.
The design approach is formulated as an optimization problem to find the best-fitted val-
ues for the control system coefficients [mp g Kpy Kip Kpe K;c]. The optimization problem
is solved through different optimization techniques including PSO, GA, and the proposed
PSO-GA which is the combination of PSO and GA.

3.4.1 Formulation of Optimization Problem

The aim of minimising the objective function is to improve system dynamic behaviour
and damping characteristics as well as to keep the stability of the whole system under
load changes. This can be done by making all the eigenvalues of the state matrix with
a damping ratio close to an appropriate value [89]. The selection of damping ratio is to
make a trade-off between magnitude and time of system overshoot. Therefore damping
ratio selection is a subjective choice and is usually selected between 0.4 and 0.7. As it

is mentioned previously, the state matrix of the inverter has 13 eigenvalues all can be

s = —(wp * jwny/1 — 2 (3.3)

where { and w,, are the modes damping ratio and natural frequency. In this chapter, the ob-

expressed as follows

jective function is selected in such a way that all the 13 system eigenvalues are such that
the damping ratio is 0.5. Another important thing is the stability of the closed-loop system
with PI controllers. To have a stable system, a term is added to the objective function to

guarantee the stability of the whole system with designed controller parameters. This term
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is isstable () function in MATLAB environment which returns zero when a state ma-
trix is unstable and returns one when it is stable. Adding this term to the objective function
eases the stability analysis of the system. Therefore, the resulted parameters through all
optimization algorithms guarantee the stability of the whole system. The definition of the

objective function is illustrated in the following equation

13
Y. (¢; —0.5)2

i=1

jective Function isstable (state matrix) + 13 x 0.25

3.4)

where in the denominator of the objective function second term, 13 x 0.25 would normal-

ize the value between O and 1 [90].

3.4.2 Proposed PSO-GA

The proposed optimization technique is the combination of two powerful optimization al-
gorithms, PSO and GA, and is called here PSO-GA. The proposed PSO-GA provides both
powers of PSO and GA in one optimization algorithm. PSO has the ability to traverse the
search space continuously like birds flocking to find the optimum value. Furthermore, it
is powerful for solving multiobjective optimization problems. However, PSO may stick in
the local optima and suffer from low-quality solutions. The ability of GA can solve this
problem since the candidate solutions are randomized and muted. Moreover, GA has the
ability in both continuous and discrete optimization problems. Therefore, in the proposed
PSO-GA, the risk of sticking to local optimums significantly decreases. The proposed
PSO-GA starts with population initialization. Then, PSO operators are applied in a pre-

determined sub-iteration of PSO. Thereafter, GA operators including crossover, mutation,
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and selection are applied to the fitted population in a predetermined sub-iteration of GA.
Finally, the best population is drawn when the iteration condition of PSO-GA is satisfied.

Figure 3.6 shows the flowchart of the proposed PSO-GA algorithm.

3.4.3 Designing Controllers’ Coefficients for a Case Study

Table 3.1 shows the considered values of the islanded MG, including a VSI, an LC output
filter, and a grid coupling inductance. In order to select the cutoff frequency of the low
pass filter for the power controller, a trade-off between filtering capability and dynamic
response exists. The lower the cutoff frequency, the better the filtering feature but the
slower the dynamic response. To make this trade-off, the best cutoff frequency proposed
in the literature is within 5-25 Hz [91]. Therefore, in this chapter, the cutoff frequency
is selected as 5Hz (w. = 31.41rad/s). It should be noted that, since the low pass filter
frequency is fixed and included in the state-space matrix, the designed voltage and current
controller parameter ranges obtained from optimization algorithms will not interfere with
the low pass filter cutoff frequency ranges. To compare the performance of different op-
timization techniques, a case study is considered. The operating point values for the case

study are shown in Table 3.2.

PSO, GA, and the PSO-GA algorithms are run offline. The number of population, PSO
parameters [92], [93], GA coefficients [94], and search interval of variables are shown
in Table 3.3. The controllers’ parameters are calculated with the different optimization
algorithms and are shown in Table 3.4. In addition, the designed parameters based on
Ziegler—Nichols method, labelled as conventional (conv.), are taken from [67] to make a

comparison with the proposed methods in this chapter. Figure 3.7 shows the convergence
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Figure 3.6: The proposed PSO-GA algorithm flowchart.
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Table 3.1: The network parameters.

Parameters Symbol Value
Filter inductance Ly 1.35mH
Filter capacitance Cr 50 uF
Grid coupling inductance L. 0.35mH
Power controller bandwidth We 31.41rad/s
Filter inductor resistance rLs 0.10
Filter capacitor resistance L. 0.03 Q)
Switching frequency fs 8kHz
Nominal frequency fn 50Hz
Dynamic improvement loop F 0.75
MG nominal power S 50 kVA

Table 3.2: The operating point values of MG.

Parameters Value Parameters Value Parameters Value
Voa 380V Voq ov Vipa 380V
Log 0A qu —50A Vbq ov

of the three used optimization techniques. As it can be seen from this figure, the PSO-GA

converges in less than 100 iterations and the value of the objective function is improved.

Table 3.3: The optimization techniques parameters and search interval of variables.

Parameters Value Variable Search Interval
Population size 100 my [0,5 x 1073]
PSO acceleration coefficients 2 ng [0,5 x 1073]
PSO inertia weight 1 K, [0, 100,000]
GA crossover rate 0.7 Ko [0, 100,000]
GA mutation rate 0.2 Ki. [0, 100,000]

Arithmetic crossover parameter 04 Kpc [0, 100,000]




UNIVERSITAT ROVIRA I VIRGILI
CONTROL OF DISTRIBUTED POWER IN MICROGRIDS: PV FIELD TO THE GRID, ISLANDING OPERATION, AND ULTRA-FAST CHARGING STATION.
Seyedamin Valedsaravi

Chapter 3. Islanding Operation of a Microgrid 66

Table 3.4: The controllers’ parameters.

Parameters Conventional GA PSO PSO-GA
"y, 9.4 x107° 354x107°  434x107  391x1077
ng 13x1073 1.87 x 10~* 3x107* 142 x107°
K, 390 29.85 406.09 980.89
Kypo 0.05 0.2 1.386 1.386
K. 16,000 37,469.11 43,762.88 1564.94
Kypc 10.5 19.40 3740.72 10

08 90nvergen?e .
. —_—GA
PSO
06F=—- "P-1— === =% = = = = <1~ = Jaemun PSO-GA| 1
S
.g 0.2}
:5; ~02 f--my
—04F !'".,“_\k
—0.6 hr : : :
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Iteration

Figure 3.7: Convergence of the objective function with different optimization algorithms.
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3.4.4 Effect of Operating Point Changes
As it can be seen in Figure 3.4, there are three frequency modes as follows:

* High-frequency modes which consist of seven poles;
* Low-frequency modes which consist of three poles;

* Very low-frequency modes which consist of three poles.

In addition, the small-signal state-space matrix of the inverter is related to the operating
point, Via, Vig, Lia, Lig, o, Log, Vod, Vog- The very low-frequency modes are so close to the
right half-plane. Therefore, they have an inherent capability to jeopardize the inverter
stability when the operating point changes. The changes in the MG common bus voltages
vy are normally small as the common bus is supported by different sources of energy
in the MG. The reference value for vy is set to the nominal voltage V;, 380V and the
reference value for vy, is set to 0 V. Nevertheless, the trace of inverter eigenvalues when
200 < Vpy <380 and —20 < Vbq < 20 is shown in Figure 3.8. It should be noted that
v, 1s imposed by v}, since there is a negligible voltage drop along coupling inductance;
hence, V4 and Vo, are approximately the same as Vj; and Vj,. Similarly, in the nominal
frequency, the filter capacitor has a huge impedance; so its current is significantly smaller
than the inverter output current. As a result, [;; and I;; are approximately the same as
I, and Ipg. The ranges of I,; and Iy, are related to the maximum active power Py,qx and

maximum reactive power ;. of the DG which can be obtained by the following

0<Id< max __ Pmux
> lod >

od T 15V, 35
min _ _ Qmax < [, < [max _ Qmux
o7 15V,; — “— "1 1.5V,
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The trace of inverter eigenvalues when 0 < I,; < 75 and —50 < qu < 50 is shown

OI_mpact of MG bus voltage changes in the eigenvalues
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Figure 3.8: The trace of eigenvalues for 200 < V3,; < 380 and —20 < Vbq < 20.

in Figure 3.9. As it can be seen in this figure, the worst case scenario for the inverter
stability would happen when I,4 is zero and Iog is Ig’f]i". Therefore, if the control system
coefficients are designed for the worst-case scenario, they would guarantee the stability of
the inverter in the whole range of operating points. This is the reason why the operating

point in Table 3.2 is chosen.
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Figure 3.9: The trace of eigenvalues for 0 < I,; <75 and —50 < I,; < 50.
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3.4.5 Effect of Output Impedance Changes

As it is shown in (3.2), the state-space matrix of the inverter is also dependent on the out-
put impedance (1, + jwL.). The impact of its changes in the very low-frequency modes
is shown in Figure 3.10. From this figure, it can be concluded that the system is stable for
a wide range of output impedance. In case of huge output impedance changes, the opti-
mization problem can run again with the new values of output impedances to optimally

select the controllers’ parameters.

5output filter resistance changes 0 output filter inductance changes
. el
5 L, increase
>, rL, in('r(‘,;m‘/ 5,
Cia x rr, increase E L. increase
ks k= %
bD 0 x XX X00unm— P bD () IOXXX X x X X XX XXXX>N
(] (]
£ x £
=) < -
X
—0.5 —-0.5
0.8 0.6 0.4 0.2 0.4 0.2 0
Real Real

Figure 3.10: The eigenvalues loci for 0Q) <y <10Q and 0.35mH < L. < 3mH.

3.4.6 Plug-and-Play Capability of the Design Approach

Plug-and-play functionality and MG configuration independency of the proposed design
approach with three different inverters and output impedances are illustrated in Figure 3.11.
The controller parameters for each inverter are selected by solving the optimization prob-
lem. The value of inverter output filter, output impedance, and worst case scenario of
operation point are the input variables for the optimization problems. The output values

of the optimization problem are the controller parameters for each inverter. In the case
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of adding a new DG to the AC common bus, the optimization problem will be solved to

optimally select the controller parameters of the newly added DG.

MG configuration with three different inverters Design of Controllers
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Figure 3.11: The design of MG controllers for three different inverters with different output impedances.

3.5 Simulation Results

In this section, the effectiveness of the proposed design approach using the GA, PSO,
and the PSO-GA optimization algorithms is validated through numerical simulation per-
formed in PSIM® software. The simulation is carried out for three different case studies
to show the robustness of the designed controllers against various disturbances and in dif-
ferent MG configurations. The first one is a one-inverter system with a linear load and
the second one is a one-inverter system with a nonlinear load. The last case study is a
higher-order system with two inverters and a linear load. A comparative analysis among

different optimization algorithms is performed in each case study.
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3.5.1 Case Study I: One Inverter with Linear Load

Figure 3.12 shows the first case study considered in this chapter. First, a linear three-
phase load is connected to the islanded MG (R =5, L = 1mH). A 100% load step
change is applied to the islanded MG at t = 0.4 s. The load three-phase current is shown

in Figure 3.13.  The controllers’ parameters were previously presented in Table 3.4.

Vp Linear Load

| = TLy Ly TL, L. [R-L]

Vbe .
T AW W

Inverter f j__ Load Change

Figure 3.12: The first case study.
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—100 . .

0.3 0.35 0.4 0.45 0.5

Figure 3.13: Linear load three-phase currents.

Figure 3.14 shows the evolution of the frequency of the islanded MG under linear load step
changes. As it can be observed from this figure, the desired steady-state frequency of the

MG in which controllers’ parameters are selected with PSO and PSO-GA is more accurate
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than that obtained from other designed controllers. The steady-state values of frequency
after load step change with conventional, GA, PSO, and PSO-GA parameters are 49.46,
49.76, 49.971, and 49.972 Hz respectively. Figure 3.15 shows the dg-axis output currents

with different designed controllers.
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PSO
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

Figure 3.14: Islanded MG response under linear load changes showing the evolution of frequency.

The d-axis output voltage and g-axis output voltage are shown in Figure 3.16. From these
figures, it can be concluded that the steady-state values of dg-axis output voltages for con-
trollers designed with PSO-GA are 379.61 and 0.0004 V which approximately match the
desired reference values 380 and O V. Table 3.5 shows the transient performance of the PI
controllers in terms of settling time {5 and rising time f,. The settling times of the d-axis
PI current controller are 0.0084, 0.013, 0.0039, and 0.0029 s for conventional, GA, PSO,
and the proposed PSO-GA respectively. It is obvious in this table that the transient per-
formance of the controllers designed with the proposed PSO-GA is the most appropriate

one. The dynamic response of MG active and reactive power are illustrated in Figure 3.17.
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Figure 3.15: The dg-axis inverter output current with different designed parameters: (a) d-axis current; (b)
d-axis current zoom version; (¢) g-axis current; (d) g-axis current zoom version.

The capability of providing active and reactive power is improved by the controllers de-
signed with PSO-GA. This is because the final values of dg-axis output currents are 73.85
and 47.08 A, while in the conventional method, they are 68.17 and 43.41 A.

The three-phase output voltage of the islanded MG under linear load changes with
different designed controllers is shown in Figure 3.18. It can be seen that all voltages
are sinusoidal but the dynamic response and steady-state values obtained from controllers
designed with PSO-GA show superiority over other designed controllers. The steady-
state values of three-phase voltage magnitudes are 351.44, 375.65, 372.7, and 380.28 V in
conventional, GA, PSO, and PSO-GA methods respectively.
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Figure 3.16: The dg-axis inverter output voltage with different designed parameters: (a) d-axis voltage; (b)
d-axis voltage zoom version; (c) g-axis voltage; (d) g-axis voltage zoom version.

Table 3.5: The comparison of the PI controllers transient performance.

Parameters Conv. GA PSO PSO-GA
i,4 control ts (s) 0.0084 0.013 0.0039 0.0029
1,4 control t, (s) 0.0017 0.0008 0.00091 0.0008
ioq control £ (s) 0.0076 0.0259 0.0077 0.0044
ioq control £, (s) 0.00082 0.0011 0.0011 0.00087
v,4 control ts (s) 0.0074 0.019 0.0058 0.0038
v,4 control t, (s) 0.0017 0.00073 0.0007 0.00069
Vg control £ (s) 0.0128 0.033 0.0106 0.0051

Vog control £, (s) 0.00082 0.00016 0.00073 0.00072
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MG Power Dynamic Response
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Figure 3.17: Active and reactive power of the MG under linear load changes for different designed param-
eters: (a) active power; (b) reactive power.

Zoom version of v,, with different methods

400 T, ot 450 : T T T T T T
> 0 Phase a|
~ = = =Phase b
=] 400 e S S e T T e Phase ¢ 400 b
1o N 350 b
2 0 . .
s [-< <

400 L= ~ 300 F

400 = 3 //
o 0 S < 250F ’
>
< 0 > o RN 'l
s . L3

400 == 200t 4

400 === /
—~ A 150F &
> 0 ~ \\ i ! $d
Y p B
~ o0k Szl 100 £ i i i i i i

0.38 0385 039 0395 04 0405 041 0415 042 0.396 0.397 0.398 0.399 0.4 0401 0.402 0.403 0.404
Time (s) Time(s)
(a) Three-phase voltages. (b) Zoom version of phase a voltage.

Figure 3.18: Three-phase voltages and phase a voltage of the MG common bus with different designed pa-
rameters.
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3.5.2 Case Study II: One Inverter with Nonlinear Load

The second case study investigated in this chapter is shown in Figure 3.19. A nonlinear
load is connected to the islanded MG and a step load change is applied at t = 0.4 s.
Figure 3.20 shows the nonlinear load three-phase currents. Figure 3.21 shows the time
evolution of the frequency of the islanded MG under the nonlinear load changes with
four control approaches: controllers with Ziegler—Nichols classically designed parame-
ters, controllers with optimized tuned parameters through GA, controllers with optimized
tuned parameters through PSO, and controllers with optimized tuned parameters through
proposed PSO-GA. It can be seen that the steady-state frequency error with optimized
controllers decreases in comparison with controllers with classically designed parameters.
The proposed PSO-GA has a more acceptable steady-state frequency among others and it
is 49.972 Hz. For example, in the first method, the frequency deviation from nominal fre-
quency 50 Hz is 0.56 Hz while in the proposed PSO-GA, the frequency deviation is less

than 0.03 Hz. The dynamic performance of the dg-axis currents is shown in Figure 3.22

Vp Nonlinear Load

I__ - TL; Ly TL, L. EI

Vbe !
T AW W i

Inverter ! j_— Load Change

Figure 3.19: The second case study.

from which it can be observed that the dg current magnitudes steady-state errors with the
proposed PSO-GA control parameters are less than the other controllers. Furthermore,
from this Figure, it can also be seen that no matter of 100% increase in the magnitude of
dq currents, the control system has a proper and smooth transient response under nonlin-

ear load changes. There is only an oscillation in the dg-axis voltages and currents which
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Nonlinear Load Three-Phase Current
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Figure 3.20: Nonlinear load three-phase current.
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Figure 3.21: Evolution of the frequency of the islanded MG under nonlinear load changes.
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comes from the nonlinearity of the load. The dynamic performance of the dg-axis voltages
is illustrated in Figure 3.23.

dg-axis Currents Zoom versions
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Figure 3.22: The dg-axis output current with different designed parameters under nonlinear load changes:
(a) d-axis current; (b) d-axis current zoom version; (c) g-axis current; (d) g-axis current zoom version.

The same as with current controllers, it can be observed that the steady-state errors
of dg-axis voltage magnitudes with the proposed PSO-GA control parameters are 0.62 V
and 0.001 V which are hugely less than the conventionally designed controllers 25.37 V
and 0.082V. The dynamic response of MG active and reactive power are illustrated in
Figure 3.24. The capability of providing active and reactive power is improved by the
controllers designed with PSO-GA. Figure 3.25 shows the three-phase output voltage un-
der nonlinear load changes. Att = 0.4 s, load step change is applied. Note that the
voltages have appropriate transient responses and pure sinusoidal waveforms under non-

linear load changes. The steady-state values of three-phase voltage magnitudes under
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Figure 3.23: The dg-axis output voltage with different designed parameters under nonlinear load changes:
(a) d-axis voltage; (b) d-axis voltage zoom version; (¢) g-axis voltage; (d) g-axis voltage zoom version.

controllers tuned with conventional, GA, PSO, and PSO-GA are 354.63, 369.22, 371.75,

and 379.38 V respectively. Therefore, the MG bus steady-state voltages under controllers

tuned with PSO-GA are closer to 1 pu and there is no decrease in the magnitude of three-

phase voltages after nonlinear load changes take place.

3.5.3 Case Study III: Two Inverter with Linear Load

In order to investigate the performance of the designed controllers in high-order systems,
a two-inverter MG is considered. Figure 3.26 shows another considered case study in
which two inverters feed a linear load. A 100% load step change is applied to the islanded

MG with two inverters at t = 0.4 s. Figure 3.27 shows the dg-axis output currents and
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MG Power Dynamic Response
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Figure 3.24: MG active and reactive power under nonlinear load changes: (a) active power; (b) reac-
tive power.
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Figure 3.25: MG three-phase voltages under nonlinear load changes with different designed parameters: (a)
conv.; (b) GA; (c) PSO; (d) PSO-GA.
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Figure 3.26: The third case study.
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dg-axis output voltages for each inverter with classically designed controllers, controllers
tuned with GA, PSO, and PSO-GA. It can be clearly observed that the two inverters with
classically designed controllers are unstable after load step change. It should be noted
that the system would only be stable with the considered transmission line impedance.
For example, in the compact MGs in which the inductive value of the transmission line
is so small, the system designed in [67] with conventional controllers would be unsta-
ble. However, all the systems with optimized designed controllers are stable after loading
step change at t = 0.4 s. It can be seen in these figures that the d-axis inverter output
voltage with controllers designed by proposed GA, PSO, and PSO-GA are 377.6, 376.18,
and 379.8 V respectively. Therefore, the dg-axis voltage controllers’ steady-state values

from the proposed PSO-GA are closer to the desired reference values.

The frequency, the active, and the reactive power of the two-inverter MG controlled by
conventionally tuned, GA-tuned, PSO-tuned, and PSO-GA-tuned controllers are shown
in Figure 3.28. It can be seen that the system with conventional controllers is unsta-
ble. Since each inverter has the same characteristics and the same output filter, the load
power-sharing between them is the same as illustrated in Figure 3.28B(b), Figure 3.28C(b),
and Figure 3.28D(b) for the GA, PSO, and the PSO-GA-tuned controllers respectively.
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Figure 3.27: The dg-axis output currents and voltages in two-inverter MG: (A) conv.; (B) GA; (C) PSO;
(D) PSO-GA. (a) d-axis current; (b) g-axis current; (¢) d-axis voltage; (d) g-axis voltage.
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Figure 3.28: The frequency, the active, and the reactive power in two-inverter MG: (A) conv.; (B) GA;
(C) PSO; (D) PSO-GA. (a) frequency; (b) active power; (c) reactive power.
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Three-phase output voltages of two-inverters MG with different designed controllers
are shown in Figure 3.29. Figure 3.29a is the three-phase output voltage of the first inverter
and Figure 3.29b is the three-phase output voltage of the second inverter with classically
designed controllers. As can be observed in this figure, the three-phase output voltages
are unstable for both inverters. Three-phase output voltages of inverters controlled by
optimized controllers are pure sinusoidal and balanced. Figure 3.29c,d shows the three-
phase output voltages of two inverters in which GA is used to design their controllers,
while Figure 3.29e.f are the three-phase output voltages of two inverters in which PSO
is used. The three-phase output voltages of two-inverter MG controlled by the proposed

PSO-GA-designed controllers are shown in Figure 3.29g,h.

After investigating all the case studies above, it can be concluded that the proposed de-
sign approach is universal for any MG size and configuration no matter of line impedances
and loads types. This helps designers to minimize their efforts to tune the controllers if
the output impedance or the number of inverters changes. In addition, from all the pre-
sented figures, it can be inferred that the controllers tuned with the proposed PSO-GA have
better performance than others in different case studies such as linear load step changes,
nonlinear load step changes, and linear load step changes in an MG with two inverters. Ta-
ble 3.6 shows the comparative analysis of the designed controllers in different case studies.
As it can be seen from this table, the steady-state values of the frequency, the three-phase
output voltage magnitude, the dg-axis currents, the dg-axis voltages, and the frequency
and voltage magnitude deviation from their nominal values are better with the proposed

PSO-GA algorithm.
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Figure 3.29: The inverters three-phase output voltages with different designed parameters in two-inverter
MG: (a) inv. 1 with conv.; (b) inv. 2 with conv.; (¢) inv. 1 with GA; (d) inv. 2 with GA; (e) inv. 1 with PSO;
(f) inv. 2 with PSO; (g) inv. 1 with PSO-GA; (h) inv. 2 with PSO-GA.
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Table 3.6: The comparative analysis of designed controllers’ steady-state values in different case studies.

Case Study I Case Study IT Case Study IIT T
Conv. GA PSO  PSO-GA Conv. GA PSO  PSO-GA Conv. GA PSO  PSO-GA
f 49.46 4976 49971 49972  49.44 49.74 49971 49972 Unstable 49.85 49.97 49.97
fu—f 054 0.24 0.029 0.028 0.56 0.26 0.029 0.028  Unstable 0.15 40.03 0.03
Vo 351.44 37565 3727  380.28 354.63 369.22 371.75 379.38 Unstable 377.37 376.70  380.32
Vi —Vo 2856 435 7.3 —-0.28 2537 10.78 8.25 0.62 Unstable 2.63 33 —0.32
Loq 68.17 72.98 72.41 73.85 67.66 73.33 72.69 74.17  Unstable 37.26 37.12 37.48
Log 43.41 46.50  46.16 47.08 4528 47.73 47.70 48.69  Unstable 22.66 22.54 2275
Voa 350.33  375.03 37226 379.61 348.94 374.96 372 379.6  Unstable 377.60 376.18 379.81
Vogq 0.0076  0.0011  0.0004 0.0004  0.082 0.037  —0.0018 —0.001 Unstable 0.008  0.00008 0.0003

L The values of two inverters are the same.

Variables

3.6 Conclusions

In this chapter, a new design approach is presented for the optimized selection of con-
trollers’ parameters in an islanded MG. The state-space model of a VSI involving power,
voltage, and current controllers are used for the formulation of the optimization problem.
The impact of operating point and output impedance changes in the eigenvalues of the
inverter small-signal state-space matrix are investigated. Then, the optimization problem
is solved through different optimization algorithms, including the PSO, the GA, and the
proposed PSO-GA for the worst-case scenario of the operating point. This can guaran-
tee the stability of the system in the whole range of operations. As a result, the power,
voltage, and current control coefficients are determined. The performance of the con-
trol system with tuned parameters through PSO, GA, and PSO-GA has been compared
with classically-designed controller parameters under linear and nonlinear load changes
with one and two parallel-connected inverters. The system is unstable in the islanded MG
with two parallel-connected inverters without significant line impedance under classically-
designed controllers parameters while it is stable with tuned parameters through PSO,
GA, and PSO-GA. The simulation results showed that the performance of the control
system with the proposed PSO-GA-tuned controller’s parameters is much better than the

classically-designed controller’s parameters. By virtue of this method, the bus frequency
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and voltage of the islanded MG are in the allowable and appropriate range. The effec-
tiveness of the presented method was verified by simulation results from PSIM® software.

The main advantages of the proposed method are summarized below.

* Proposing a simple guideline for engineers to design controllers’ parameters in
an islanded MG regardless of the number of inverters, MG configuration, output
impedances, and loads types which significantly reduces the effort and complexity

of the design issue.

 Improvement in the steady-state frequency, the dg currents, and the three-phase volt-
ages response under linear load changes, nonlinear load changes, and linear load

changes in the islanded MG with two grid-forming inverters.
* Needless of coefficient readjustment for the whole range of operating points.

* Providing a plug-and-play design approach when a new DG wants to be added to
the MG.
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Chapter 4

Ultra-fast Charging Station

4.1 Abstract

The emergence of DC fast chargers for electric vehicle batteries (EVBs) has prompted the
design of ad-hoc MGs, in which the use of a SST instead of a low-frequency service trans-
former can increase the efficiency and reduce the volume and weight of the MG electrical
architecture. Mimicking a conventional gasoline station in terms of service duration and
service simultaneity to several customers has led to the notion of ultra-fast chargers, in
which the charging time is less than 10 minutes and the MG power is higher than 350 kW.
This survey reviews the state-of-the-art of DC ultra-fast charging stations, SST transform-
ers, and DC ultra-fast charging stations based on SST. Ultra-fast charging definition and
its requirements are analyzed, and SST characteristics and applications together with the
configuration of power electronic converters in SST-based ultra-fast charging stations are
described. A new classification of topologies for DC SST-based ultra-fast charging sta-

tions is proposed considering input power, delta/wye connections, number of output ports,



UNIVERSITAT ROVIRA I VIRGILI
CONTROL OF DISTRIBUTED POWER IN MICROGRIDS: PV FIELD TO THE GRID, ISLANDING OPERATION, AND ULTRA-FAST CHARGING STATION.
Seyedamin Valedsaravi

Chapter 4. Ultra-fast Charging Station 89

and power electronic converters. More than 250 published papers from the recent litera-
ture have been reviewed to identify the common understandings, practical implementation
challenges, and research opportunities in the application of DC ultra-fast charging in EVs.
In particular, the works published over the last three years about SST-based DC ultra-fast

charging have been reviewed.

4.2 Introduction

The technical requirements of battery fast charging cannot be fulfilled by the EV onboard
charger, which is connected to a single-phase or three-phase AC domestic supply [18]. To
decrease the charging time, a huge amount of DC power is required [95], so it is mandatory
to supply the charging station MG from a medium voltage (MV) AC source. This connec-
tion could be carried out through a LFT, a HT, or a SST [96]. It is worth mentioning that
the notion of SST is used here in a broad sense, which means that it can be considered
as such any conversion structure implemented with switching converters that is capable to

transform MV-AC into DC in the region between 200 V and 500 V.

This chapter is motivated by the identification of the state of the art of ultra-fast charg-
ing stations, which can be based either on LFT or SST as illustrated in Figure 4.1(a) and
Figure 4.1(b) respectively. It is apparent in that figure that the DC SST-based ultra-fast
charging station allows the integration of renewable energies, energy storage, and AC/DC
loads, so the resulting electrical architecture can be considered as an AC/DC/Hybrid MG.
In a clear-cut contrast, a LFT-based ultra-fast charging station does not facilitate the inte-
gration of renewable energies but it offers the advantage of high reliability at the expense

of a relatively big size (Table 4.1).
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Figure 4.1: The ultra-fast charging stations: (a) DC LFT-based ultra-fast charging station; (b) DC SST-
based ultra-fast charging station.
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Table 4.1: A comparative analysis of DC LFT-based and SST-based ultra-fast charging stations.

Ultra-fast Size ControllabilityIntegration Fault Modularity  Reliability
charging of large protection
station power
plants
LFT-based Big Limited No No No High
SST-based Small Unlimited Yes Yes Yes Medium

4.2.1 State of the Art

Carbon dioxide emissions have directly impact on climate changing and global warm-
ing. Nowadays, the significant portion of carbon dioxide emissions is issued by fossil fuel
vehicles (FFV) [17]. According to statistics, the portion of transportation in carbon pro-
duction is more than 20% [97]. Therefore, FFVs are being replaced by EVs. The EVs
have higher efficiency and less maintenance in comparison with FFVs [98] which can be
refueled within two minutes. The EVs charging time is much longer since they are nor-
mally charged in the residential distribution network with AC on-board chargers (OBCs)
(120 V-240 V)[18]. The provided power through this slow OBCs are within [1.44-22] kW
[99]. Therefore, for a 100 kWh battery, it takes more than 5 hours to be fully charged,
which is not satisfiable for long trips and it increases the anxiety of the drivers. Advance-
ment of OBCs is still continuing but there are some barriers in high-power AC OBC such
as charger size, cost, weight, maintenance, and EV safety requirements [100]. The next
solution is to utilize integrated charging structure by means of a traction motor which was
previously used in railway traction industry [101]. Three-phase electrical motor winding
can get the high power and charge the battery through the inverse operation of the drive
inverter [102]. However, this technique has some adverse effects on EV such as high stress
on the traction system, torque production, acoustic noise, and mechanical vibrations which

reduce the lifespan of the whole EV [103]. Another alternative solution is to build a DC
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ultra-fast charging station like traditional fuel stations to directly communicate and charge
the EV battery [95]. In a DC ultra-fast charging station, the charging time of EVs should
significantly decrease to be competitive with traditional fuel stations. In order to decrease
EV’s charging time, the amount of the delivered power to the EV’s battery charger should
increase. Until now the maximum DC power delivered to the EV battery in the market is
250 kW. The limit is due to the high temperature [104] and state of health (SOH) issues
of the battery [105]. However, it is forseen to reach 1200 kW maximum delivered DC
power [106] as an aftermath of advancement in battery structure design, vehicle electrical

architecture and material in the near future [107].

In order to build a DC ultra-fast charging station, this should be fed by MV transmis-
sion lines. In order to decrease the voltage level to the one required for the EV’s battery
chargers, LFT, HT [19], and SST [108] can be used in the charging stations. The first
one suffers from low efficiency, bulky size, high maintenance cost, slow dynamics, lim-
ited controllability, and lacking of plug-and-play functionality [10]. These shortcomings
make LFT less functional in DC ultra-fast charging stations. The HT is the combination
of partially-rated power converters, normally between 5%-20% of the rated power, in the
input or output of a LFT. The HT also suffers from bulky size but it is more efficient and
controllable than LFT. A 2 kVA small-scale HT is experimentally validated in [109]. The
last promising solution to change the MV level into the EV battery charger voltage level
is to utilize a SST. It has higher degree of control freedom, storage integration capability,
harmonic filtering, smaller size, fault current limitation, bidirectional power flow capa-
bility, and higher operational frequency [20]. In addition, advancement of high-voltage
high-power SiC and GaN devices has paved the way for the extensive use of SSTs in the
high-power applications [21]. The performances of SST, HT with integrated energy stor-

age, and LFT have been technically and economically compared in [96] for distribution



UNIVERSITAT ROVIRA I VIRGILI
CONTROL OF DISTRIBUTED POWER IN MICROGRIDS: PV FIELD TO THE GRID, ISLANDING OPERATION, AND ULTRA-FAST CHARGING STATION.
Seyedamin Valedsaravi

Chapter 4. Ultra-fast Charging Station 93

grid applications. Since the use of SST in power systems is still new, there exist many
issues and challenges specially in the DC ultra-fast charging applications which should be

addressed.

4.2.2 Objectives of the Chapter

The aim of this chapter is to provide a step-by-step comprehensive review about DC ultra-
fast charging stations where SST is used. This chapter provides information about ultra-
fast charging definition and requirement, SST definition, structure, and challenges, as well
as DC SST-based ultra-fast charging station configuration, control and challenges. A new
topology configuration for DC SST-based ultra-fast charging station is classified based
on the input type, number of the output ports, and the converter type. The DC SST-
based ultra-fast charging station is considered as a MG and possible challenges of MGs

are discussed.

4.2.3 Organization of the Chapter

The rest of this chapter is organized as follows. In section 4.3, a complete description of
the battery charging is surveyed. Section 4.4 describes the state of the art of DC ultra-fast
charging stations. In section 4.5, a comprehensive review of SST topologies is presented.
Section 4.6 investigates all the technical and research works performed in DC SST-based

ultra-fast charging stations. Finally, section 4.7 concludes the chapter.
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4.3 Battery Charging Definition and Barriers

The battery charging procedure has different definitions and requirements. One of the most
important definitions is the battery C rating. The battery capacity is usually rated at 1C
(1C current) [110]. As an example, a 400 V battery with 100 kWh capacity can be charged
or discharged with 250 A within one hour. It means that by the use of 1 kA current, the
battery can be recharged in 1/4 h. Therefore, increase in C rating yields faster charging
or discharging time. However, C rate increase has technically some limitations, including
increase in internal energy losses, battery thermal tolerance, and reducing battery’s life-
cycle [111]. The 6C rate of charging is considered as an ultra-fast charging according
to the US Department of Energy (DOE) [112]. As a result, a trade-off exists between
ultra-fast charging and battery health [113].

The battery discharging procedure is related to the demanded power and it is not con-
trollable. However, the battery charging task can be controlled with optimal charging
strategies. Monitoring and estimating of the state of charge (SOC) and the state of health
(SOH) play a significant role in battery charging methods [114], [115]. Different charg-
ing strategies have been proposed in the literature for the Lithium-ion (Li-ion) batteries
[116], [117]. Some of them are independent from the battery chemical model and dy-
namic, e.g. constant-current (CC) [118], constant-current constant-voltage (CCCV) [119],
multi-stage CCCV [120], and pulse charging techniques [121]. The typical CCCV charg-
ing method is illustrated in Figure 4.2 [122]. Some others are based on empirical mod-
els [123], including circuit-based models [124] and neural network models [125]. The
pseudo-two-dimensional (P2D) [126] and single particle model (SPM) [127], [128] are

the most usable circuit-based models for the battery charging optimization, battery SOC
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prediction [129], and control. The last charging approach is based on battery electrochem-
ical model in which all the physical parameters are observed. This approach is the most
complicated and accurate one among others. However, due to the high computational

burden, its real-time charging controller implementation is not practical yet.

v—1 socC
A A

100%
~ 80%

>
Constant Current Mode Constant Voltage Mode t

Figure 4.2: The typical CCCV charging method.

To summarize, the optimal charging strategies should be fast as far as possible while
the temperature limitation and battery SOH are maintained within the desirable range
[130]. In EVs application, the responsible part for the optimal operation of battery charg-
ing is battery management system (BMS) which analyses and monitors all the information
taken from the EV battery pack [131]. The BMS cooperates with battery charging circuit
through the exchange of data in order to control the injected current and voltage to the
battery cells [132]. Battery charging circuits can be placed on-board inside EVs [133],
off-board in the charging stations, wireless (inductive) with unidirectional or bidirectional
power flow [134]. The OBCs connect to the residential single-phase or three-phase AC
voltage and the off-board chargers connect to the DC voltages with different kinds of ca-

bles, some of them are illustrated in Figure 4.3. The connectors are categorized to four
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levels according to their maximum power transfer capability. The level 1 and level 2 AC
chargers are supplied with 120 V and 240 V AC respectively [99]. In the market, their
maximum supplied power for the battery is 1.92 kW in level 1 and 19.2 kW in level 2.
International Electrotechnical Commission (IEC) has published standard requirements for
EV’s plugs, socket-outlets, connectors and inlets (IEC 62196) [135]. According to the IEC
62196-2:2016 [136], the maximum power for the level 2 on-board charging mode is 33.6
kW (480 V AC, 70 A). In the pre-release version of IEC 62196-1:2022 PRV [137], the
AC charger maximum power was determined as 172.5 kW (690 V AC, 250 A) and the DC
ultra-fast charging maximum power was 1200 kW (1500 V DC, 800 A). Table 4.2 shows
some of the charging connectors’ voltage and power ratings existing in the market catego-
rized by their charging speed. It should be noted that due to the weight and size limitation
in EVs, utilization of OBCs is limited to the low-voltage low-power applications [138].
Therefore, they can not be charged as fast as enough to mimic the same refueling experi-
ence in conventional gasoline stations. Commercial on-board charging including dedicated
and integrated as well as off-board charging infrastructures are surveyed in [139]. Dif-
ferent charging topologies such as bidirectional active front end (AFE) [140], interleaved
unidirectional charger topology [141], and bridgeless power factor correction (PFC) stages

[142] are reported in detail in [143].

To increase the distance traveled by the EVs, the first solution is to raise the EV’s bat-
tery capacity which yields bigger EV size, cost and weight [144]. Different types of batter-
ies have been used in EVs such as Lead-acid (Pb-acid), Nickel-Cadmium (NiCd), Nickel-
Metal-Hydrid (NiMH), Li-ion, Li-ion Polymer, and Sodium Nickel Chloride (NaNiCl)
[145]. Among them, Li-ion batteries have been extensively commercialized in the EV
industry thanks to their higher energy density, longer life cycle, and lower maintenance

[146]. The EV’s battery characteristics for some of vehicle manufacturers are shown in
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Table 4.2: Characteristics of battery charging connectors.
Model Charging Voltage Maximum 100 kWh Charger Maximum
level power Battery location current
charging
time
Level 1 120 Voce  1.44-192  52-69h on-board  12-16 A
(Slow) (1¢) kW
SAEJIT72 Level 2 208-240  5.0-19.2 5-20 h on-board  24-80 A
(Slow) Vac (1¢) kW
Level 3 50-1000 80 kW 75 m off-board 80 A
(Fast) Vpe
Level 4 50-1000 400 kW 15m off-board 400 A
(Ultra- Vpe
fast)
Level 1 250 Vac 4-8 kKW 12.5-25h  on-board  16-32 A
(1¢)
Mennekes/EUp 10 480 (@AC 13322  4575h on-board 27-45A
(39) kW
Level 3 500 Vpc 70 kW 85 m off-board 140 A
Level 4  500-1000 200 kW 30 m off-board 200 A
Vbe
Level 1 250 Vac 7 kW 14 h on-board 28 A
(1)
GB/T Level 2 400 V4c 12.8 kW 7.8 h on-board 32A
(3¢)
Level 3 250-950 60 kW 100 m off-board  250-400
Vbe A
Level 4 250-950  237.5kW 25m off-board  250-400
VDC A
Level 1 120/240 1.9-7.7 13-52 h on-board  16-32 A
Tesla Vac (19) kw
Level 2 208/250 2.8-11.5 9-35h on-board 48 A
Vac (1¢) kW
Level 3 300480 250 kW 24 m off-board 800 A
Vbe
Level 4 300480 350 kW 17m off-board 800 A

Vbe
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(a) (b) (c) (d)
L1 Single-phase AC voltage S+ Charging Communication CAN
N Neutral S— 0V-30V 2A
CP Control Pilot CC1 |Charging Connection Confirmation
PP Proximity Pilot CcC2 0V-30V 2A
PE Protective Earth A+ |Low-voltage auxiliary power supply
L1-L2-L.3 Three-phase AC voltages A- 0V-30V 20A

Figure 4.3: Examples of EV connectors : (a) SAE J1772 (Type 1); (b) SAE J3068/EU (Type 2); (c) BB
(GB/T 20234.3); (d) Tesla (Ultra-fast charging).

Table 4.3 [147]-[149]. As can be observed from this table, the battery capacity and su-
percharger maximum power reaches 103 kWh and 250 kW respectively which reduces
full-charging time within 30 minutes. From material point of view, fast charging of Li-ion
batteries is reviewed in [150]. The research is still ongoing in the material engineering
for the advancement of the energy storage systems and improving their energy density.
Their charging time should be reduced to the range 5-10 minutes to be competitive with
conventional fuel stations. Another solution is to build a DC ultra-fast charging station
like traditional gasoline stations [151]. This can give the opportunity to the drivers to fre-
quently charge their vehicles in urban or interurban DC ultra-fast charging stations. From
economical point of view, building DC ultra-fast charging stations is more appropriate

[100] as will be detailed in the next section.
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Table 4.3: Battery characteristics for some of EV manufacturers.

Car Battery  Capacity  Voltage Range Fast- Supercharger
model type charging maxi-
time mum
power
Tesla Li-ion 75 kWh 360 V 487 km 31 min 250 kW
Model Y
Tesla Li-ion 100 kWh  350-375V 536 km 28 min 250 kW
Model X
Tesla Li-ion 50-75 kWh 350-400 V. 507 km 31 min 250 kW
Model 3
Tesla Li-ion 103 kWh 400 V 637 km 27 min 250 kW
Model S
Volkswagen Li-ion 62 kWh 408 V 415 km 38 min 125 kW
ID.3
Volkswagen Li-ion 77 kWh 400 V 514 km 38 min 125 kW
ID.4
Volkswagen Li-ion 82 kWh 400 V 490 km 33 min 135 kW
ID.5 GTX
Renault Li-ion 52 kWh 375V 390 km 78 min 50 kW
Zoe E-Tech

Renault Li-ion 60 kWh 400V 360 km 54 min 130 kW
Megane
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4.4 DC Ultra-fast Charging Station

Different possible configurations of DC ultra-fast charging station are AC-coupled, DC-
coupled, and hybrid-coupled. These are shown in Figure 4.4. In this figure, all the power
flows could be bidirectional to satisfy vehicle-to-grid (V2G), vehicle-to-home (V2H), and
vehicle-to-vehicle (V2V) applications in the future smart grids [152]. To deliver the power
to or from an EV, bidirectional power electronic converters are used which are comprehen-
sively reported in [153]. An example of AC-coupled DC ultra-fast charging station is in
the Mountain View, California, with six superchargers and a 400 kWh integrated energy
storage for the load shaving within peak hours. AC-coupled DC ultra-fast charging station
has some advantages such as appropriate converter technology, switchgear, protection de-
vices, and well-established standards. The only disadvantages of AC-coupled stations is
the huge amount of used power converters in order to integrate with the DC systems which
lead to more complex and less efficient systems. In addition, some control challenges
appear in the island mode of operation such as reactive power control, inverter synchro-
nization, and voltage/frequency control. The DC-coupled configuration, Figure 4.4b, has
less conversion stages, higher efficiency, simpler control structure while complex protec-
tion scheme and non-standardized metering [154]. Moreover, the integration of renewable
energies and energy storage is more simpler. In addition, the proposed structure of a DC
ultra-fast charging station with bipolar DC bus in [155] can solve the grounding issue of
DC network [156], [157]. In the hybrid-coupled charging station, Figure 4.4c, which is
a combination of DC-fast charger, single-phase and three-phase AC chargers, the system
suffers from load nonlinearity problems due to the use of power electronic converters as
well as unbalance issues due to the connection to single-phase chargers or different fast

charging pilots power requirement.
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As was reported previously in Table 4.3, the supercharger maximum power existing in
the EV market is 250 kW. Consider this value as the maximum peak charging power; there-
fore, the maximum peak power required in the 8-slot DC-coupled DC ultra-fast charging
station (Figure 4.4b) would be 2 MW whenever all the pilots are simultaneously charging
the EVs with the lowest SOC. This is the worst case scenario which could happen in the
charging station. It should be considered that due to the differences in the SOC of EV’s

batteries, the charging power delivered to each battery could be different (see Figure 4.2).

As shown in Figure 4.4, DC ultra-fast charging station has three power stages which
are below. The power stages and utilized power electronic converters inside the EVs can

be found in [158].

4.4.1 Power Stage 1

The first power stage is the voltage level changes. The huge amount of power required in
the DC ultra-fast charging station should directly be provided from the MV distribution
line. Since the battery chargers work at less than 1000 V; a transformer is required to
step-down the voltage level. Different types of transformers are used in the literature to
step-down the voltage level in power systems including, LFT, SST, and HT [159]. These
are shown in Figure 4.5 [96].

The LFTs are bulky in size, weighty and suffer from high installation cost. There
is no control freedom in the input/output voltage/current of the LFTs. Although with
mechanical tap changers, the voltages can be controlled to a limited extent but it is not
sufficient in the fast voltage fluctuations of modern power systems in which the penetration

of intermittent renewable energies, EVs and DC ultra-fast charging stations is high. An
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Figure 4.4: The LFT-based ultra-fast charging station configurations: (a) AC-coupled; (b) DC-coupled; c)
hybrid-coupled.
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Figure 4.5: Different types of transformers: (a) LFT; (b) SST; (¢) HT.

alternative solution is to use HT which is the combination of a power electronic converter
in the input/output of the LFTs (Figure 4.4c). Thanks to the power converter installation,
integration of energy storage in the HT DC link is possible. The converter power rating
is usually between 5%-20% which gives controllability to some extent. However, HT is
also bulky and weighty. Another alternative solution is to utilize SST which can provide
full control freedom in the input/output voltage/current such as reactive power control,
voltage regulation, and harmonic control. Furthermore, the integration of energy storage
and renewable energies is hugely simple. The SST has advantages including reduced
overall cost and compact size which are explained in detail in the next section. However,
due to the switching and conduction losses in SSTs, their efficiency is lower than the LFTs
[160]. The research is still open to improve the SST efficiency specifically in high-power

applications.

4.4.2 Power Stage 2

The second power stage in the DC ultra-fast charging station is AC to DC conversion
which is responsible for the PFC [161]. In this power stage, the converter rectifies the

three-phase input AC voltage to a fixed output voltage in the DC link provided that the
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power quality is desirable on the grid side. Different kinds of power converters are used
for this power stage. The AFE rectifier which is also called as an active pulse width mod-
ulated (PWM) rectifier is one of the most used three-phase power converter for this power
stage thanks to its high reliability and simplicity. It is used in boost [162], buck [163],
and buck—boost [164] mode of operation. Other used simple topologies that can keep the
system modularity are half bridge (HB), full bridge (FB), and four-switch buck-boost con-
verter [165] separately used in each phase. Other proposed topologies are multilevel [166]
such as cascaded H-bridge (CHB) converter, modular multilevel converter (MMC), three-
level boost (TLB) converter, three-level T-type (TLT) rectifier, multi-cell boost (MCB)
converter, neutral point clamped (NPC) converter [140], multi-pulse AC-DC converter
[167], and Vienna rectifier (VR) [168], [169]. A comprehensive state-of-the-art of AC-DC
converters can be found in [170]. The L, LC, and LCL input filters are normally added
to the converter input side to desirably satisfy the grid-code requirements as well as to re-
duce electromagnetic interference (EMI). In both modes of bidirectional AC-DC converter

operation, PFC and IEEE-519 grid requirement should be satisfied.

4.4.3 Power Stage 3

The last power stage in the DC ultra-fast charging station is the DC-DC conversion with
multi-functional application such as stepping-down the input voltage to the battery voltage
level, galvanic isolation to separate the EV from the grid, and cooperation with BMS to
satisfy battery optimal charging [171]. Similar to the power stage 2, the used converters
in this stage can be unidirectional and bidirectional. From another point of view, they can
be galvanically isolated or nonisolated DC-DC converters. On the one hand, the EV’s bat-

tery is not grounded; therefore, its direct connection with the isolated DC-DC converter
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secondary side will isolate it from the grid [154]. As a result, its protection scheme can
work separately from the grid. On the other hand, if the isolation is performed by LFT,
nonisolated DC-DC converters could be a promising solution which have less complexity
to operate in bidirectional power flow mode. Examples of unidirectional isolated DC-DC
converters are phase-shifted full-bridge (PSFB) converter [172], interleaved PSFB con-
verter [173], LLC resonant converter [174], and buck—boost three-level semi-dual-bridge
[175]. Examples of bidirectional isolated DC-DC converters are dual active bridge (DAB)
[176], dual half bridge (DHB) [177], [178], LLC series-resonant converter (LLC-SRC)
[179], quad active bridge (QAB) [180], DAB-based active NPC (DAB-ANPC) [181], and
CLLC converter [182]. A comprehensive review of isolated DC-DC converters is reported
in [183]. Since the battery voltage level is normally lower than the DC link voltage of
AC-DC converters, nonisolated DC-DC converters can be categorized as buck converter
[184], interleaved buck converter [185], unidirectional TLB converter [186], bidirectional

TLB converter [187], and three-level flying capacitor (FC) converter [188], [189].

4.4.4 DC Ultra-fast Charging Station Challenges and Research Gaps

In the vast adaptation of DC ultra-fast charging stations in the power grid, the important
challenges are the increase in the daily peak load and shift which may cause transform-
ers and feeders overload, the power system devices aging deterioration, and the increase in
power losses [190]. Therefore, investigating the impact of high-power DC ultra-fast charg-
ing station load profile in the power grid stability and proposing novel optimal charging
strategies for the EV batteries are necessary. Moreover, from the power system operation
point of view, the DC ultra-fast charging stations should be a controllable and predictable

load. For that, different solutions have been proposed [191]. One is integrating energy
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storage and renewable energies illustrated in the schematic shown in Figure 4.4 with ei-
ther AC-coupled or DC-coupled proposed in [154]. Indeed, such DC ultra-fast charging
stations can be considered as AC/DC/Hybrid MGs with all their challenges [52], [192],
[193]. In order to increase the charging station third-party interests, the optimal sizing of
the energy storage system is performed in [194] through the station energy and storage

cost reduction.

Due to the extensive use of power electronic converters, the main grid hugely suffers
from power quality problems. Satisfying grid-code requirements could be another chal-
lenge in the high-power application for both flows of power. Proposing new converter
topologies for the AC-DC and DC-DC power conversion stages with advanced control
methods could solve this problem. In addition, it could add some advantages to the DC
ultra-fast charging station, including modularity, bidirectional power flow capability, and
higher efficiency in high-power applications. The optimum design of input filter to reduce
the size of system and EMI effect is another important challenge. It should be noted that
the different power converters topologies with various control methods could have dif-
ferent small-signal behaviours; therefore, transient performance analysis of DC ultra-fast

charging stations could be another open research area and needs more attraction.

In terms of DC-coupled ultra-fast charging stations, the safety issues needs new defi-
nitions and structures [195]. Furthermore, in the range of high-power transfer, the power
loss during EV charging and discharging would increase due to the increase in the cur-
rent value. Therefore, the measurement of power losses needs more attention [196]. The

challenges in the DC ultra-fast charging station are summarized in Figure 4.6.
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Figure 4.6: Research challenges in the DC ultra-fast charging stations.
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4.5 SST

Traditional LFTs have been extensively used in power systems to step-down or step-up the
voltage level. However, due to the low operation frequency, their weight and size are huge
[197]. Therefore, their installation cost and insulation techniques are expensive. Moreover,
the control freedom in the input/output voltage/current is limited and it can only be done
by mechanical tap changers [198]. These barriers force the researchers to think about an
alternative solution for the voltage level changes in power systems [199]. Thanks to the
advancement in power electronic switches based on wide-bandgap materials such as SiC
and GaN for high-power high-voltage applications, the SST which is also known as power
electronic transformer firstly introduced in [200], solves all the issues of LFTs [201]. In
the SST, voltage-level changes is performed by means of a medium-to-high frequency
transformer which significantly reduces its size and weight. This is the reason why they
are vastly adapted in railway applications for power electronic traction transformers [202]
as well as in shipboard power systems [203]. In addition, thanks to power electronic
switches in the input/output of SST, capabilities of power flow control, voltage sag/swell
compensation [204], fault current limitation, and satisfactory grid-code requirement are
added to the system [205]. Also, the distribution feeders have less power losses in SST-
based power systems [10]. However, these options add complexity to the SST in terms of
control, reliability, and protection which needs more careful design than LFT to guarantee
their smooth and stable operation in the power systems. Moreover, the standard efficiency
of distribution transformers should be higher than 97% according to the U.S. Department
of Energy [206] which is relatively high for the converter-based SSTs [199].
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4.5.1 SSTs Classification

SST topologies can be classified from different points of view [207]. The first one is
based on the power conversion stages. Since SSTs work at medium-to-high frequency,
a power conversion stage is needed to increase the SST input voltage frequency. There-
fore, the simplest configuration of an SST consists of an isolated AC-AC conversion stage,
stepping-down from HVAC to LVAC, with high-frequency transformer as shown in Fig-
ure 4.7a [208]. This SST topology is called single-stage or type A. The advantages of
this configuration are high-efficiency, simple control, high power density, and high reli-
ability. However, the lack of a DC-link and huge size of the input/output passive filters
to reduce the switching ripple are some of its disadvantages. Different types of AC-AC
power converters have been used in single-stage SST such as DAB converter [209], FB
converter [108], flyback converter [210], matrix converter [211], and Dyna-C [212]. How-
ever, this suffers from lacking of PFC and active filtering in the input side. In order to
have a bidirectional power flow in AC-AC DAB converter, four-quadrant switch cells is
used with phase-shift modulation technique [213]. The second possible topology for the
SST is shown in Figure 4.7b and is called two-stage or type B. In the secondary side of
the high frequency transformer (HFT), an AC-DC conversion stage is used to provide
the low-voltage DC (LVDC). The AC-DC isolated boost and the AC-DC DAB are ex-
amples of power converters used in type B. The disadvantages are the different control
methods in each direction of power flow as well as non-existence of HVDC link which
can yield larger second-order frequency ripple in the LVDC link [214]. Similar to the
this topology, the two-stage or type C configuration illustrated in Figure 4.7c provides a
high-voltage DC (HVDC) in the primary side of the HFT. The AC-DC conversion could
be performed through a DAB converter for a wide range of load change. The integration

of large renewable energy power plants is available in the HVDC link. The last possible
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topology is a three-stage conversion or type D with high-frequency isolation illustrated
in Figure 4.7d. In this topology, both LVDC link and HVDC link exist which provides
more control freedom than in other topologies [215]. The integration of small and large
sources of renewable energies in both DC links is easier. This is the reason why this topol-
ogy has got more attraction in the industry. It is proposed in several papers that the type
D topology with DAB converter has the best performance and controllability [216]. A
comprehensive review of high-frequency DC-DC converters in high-voltage applications
can be found in [217] and [218]. They can be used in the DC-DC section of type D SST
topology. The disadvantage of type D topology is its lower efficiency than in other con-
figurations due to the use of more power conversion stages. A detailed classification of
SST topologies can be found in [219]. From another point of view, SST topologies can
be classified based on the connection of power electronic converters in the input/output.
The maximum blocking voltage of power electronic switches in previous generations was
6.5 kV. In order to connect the aforementioned possible SST topologies to the MV grids,
series or parallel connections in the input/output are proposed for high-voltage and high-
power applications. Four possible solutions are input series output parallel (ISOP), input
parallel output series (IPOS), input parallel output parallel (IPOP), and input series output
series (ISOS) in which all possible topologies from power conversion stages point of view
could be used. Furthermore, these kinds of topologies add modularity feature to the SST,
leading to higher reliability but also to control complexity. Meanwhile, thermal and insu-
lation design in the MV side is a challenging task [220]; therefore, simple configuration
with high-voltage high-power devices is more preferable like a two-level bridge. How-
ever, due to the poor harmonic performance, a huge passive filter is needed. As a result,
the use of multi-level converters have more advantages in the MV side such as modularity,
smaller passive filter, higher reliability, and fault tolerant capability. Examples of multi-

level converters used in the MV side of SST are NPC [221], FC [222], CHB [223], and
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Figure 4.7: Different topologies of SST from power conversion stages point of view: (a) single-stage (type
A); (b) two-stage with LVDC link (type B); (¢) two-stage with HVDC link (type C); (d) three-stage with
LVDC and HVDC link (type D). [208]
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MMC [224], [225]. Figure 4.8 shows the different possible topologies of SST according
to the input/output connection of power electronic converters. According to the aforemen-
tioned SST classifications and existence of different types of power electronic converters,

a wide variety of SST topologies with various power converters can be achieved. SST can

SST J _ J LVAC HVAC J J SST
HVAC SST SST LVAC
[ ]
SST SST
(a) (b)
HVAC J J SST J _ J LVAC SST
F=t TR
SST HVAC SST LVAC
| |
SST SST
(c) (d)

Figure 4.8: Different topologies of SST from the input/output connection of power electronic converters
point of view: (a) ISOP; (b) IPOS; (¢) IPOP; (d) ISOS.

also be classified based on their windings configuration. The SST windings can be the
same as single-phase [226], three-phase [227], single-phase multi-winding [228], three-
phase multi-winding [229], split winding [219], and Scott-T transformers [230]. In [231],
the HF transformers is replaced with loosely coupled inductive power transfer (IPT) coils
leading to simple high-voltage insulation, low parasitic capacitance, reduction in the num-
ber of output power electronics converter, easy packaging, and scalability although lower
efficiency. There are still other classification of SSTs based on voltage level, control of

isolation stage, and modularity structure which are reported in [20].
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4.5.2 SSTs Power Devices

Power devices in SSTs can be classified as high-voltage switches in the primary side,
high-frequency transformer (magnetic and winding structure), and low-voltage switches
in the secondary side. The selection of these devices is related to the used power converter
topology, voltage and power levels [232]. Furthermore, the switching and transformer
losses which are directly related to the switching frequency play important roles in the
efficiency, power density, lifetime, and junction temperature [233], [234]. Therefore, it is
important to optimally select the SST power devices in each specific application leading

to the more efficient SST with reduced size and cost.

There are three types of power losses in semiconductor devices including conduction
losses, switching losses, and blocking losses [235]. Among them, the blocking losses can
be neglected [236]. Since the semiconductor switches are not ideal, there is a power loss
during switches conduction period which is called conduction losses. Therefore, semi-
conductor switches practically have on-state resistance or along voltage drop [237]. The
conduction v-i characteristics of switches and anti-parallel free-wheeling diode can nor-
mally be found on the switches datasheets which is dependent to the operating temperature.
Therefore, the different thermal model and thermal insulation for the switches lead to the
various power losses which could be exclusive in each application. The voltage and current
in the semiconductor switches can not immediately change from zero to maximum or vice
versa. Therefore, during turn-on and turn-off switching events, the voltage and current
intersect each other yielding switching power losses [238]. In order to reduce switch-
ing power losses, the most usable method is to manipulate voltage and current waveform
during turn-on/turn-off transition through gate driver circuit and the external circuit. An

alternative solution is to use soft switching techniques in which some passive components
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such as extra capacitor, inductor, and diode are added to the circuit. Zero voltage switch-
ing (ZVS) and zero current switching (ZCS) are examples of soft switching techniques
[239]. It is shown in [240] that the modulation method of a PWM converter has a great
impact on its conduction and switching losses. Therefore, proposing different modulation
methods can yield reduction in conduction and switching losses. Device manufacturers

are still optimizing switches to reduce the switching losses.

4.5.2.1 High-voltage Side Switches

In the high-voltage high-power application, the most usable semiconductor device is Si
IGBT, for instance the 6.5 kV-25 A Si IGBT. However, the MOSFET has better switching
characteristic in comparison with the IGBT [241]. Parallel connection of IGBT and MOS-
FET is proposed in [242] which shows higher efficiency and more desirable switching
characteristic. The new generation of wide-bandgap semiconductor devices such as SiC
MOSFET and SiC IGBT has emerged recently. They have higher blocking voltage, less
switching losses, high thermal conductivity, and high operation frequency [243]. There-
fore, the SiC-based power electronic converters could be more efficient and could work in
high operation temperatures [21]. The disadvantages of these switches are their high cost
and non-commercializing. In addition, there is an oscillatory behavior in the SiC-based
semiconductor devices during turn-off switching period which can be damped through a

parallel connection of Si IGBT and SiC MOSFET [244].

In the high-voltage high-power application, another problem of power electronic switches
is their high output voltage slopes (dv/dt) due to the fast switching [245]. This phe-
nomenon can cause voltage amplifications which may shorten the transformer winding

lifetime [246]. Furthermore, the gate-driver EMI is an aftermath of high dv/dt [247],
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[248]. In the high-voltage side, maybe a series connection of switches should be used
which can worsen dv/dt issue [249]. Different solutions have been proposed to solve the
dv/dt issue. The most known one is to use a passive filter in the input/output [250]. The
optimal selection of CHB cells in the MV side is another alternative solution to make a
trade-off among efficiency, power density, and dv/dt issue [251], [252]. Another inter-
esting solution is proposed in [253], where a new topology (S4T) was suggested for the
soft-switching of three-phase SST which has higher efficiency, lower dv/dt rate, higher

power density, longer lifetime, and less EMI.

Since the primary side of an SST is connected to the MV grid, the power electronic
switches should be high-voltage low-current. The new wide-bandgap semiconductor de-
vices such as the 10 kV-10 A SiC MOSFET, 15 kV-10 A SiC MOSFET [254], and 15
kV-20 A SiC IGBTs could be promising solutions in the SST primary side since simpler
structure can be used in the MV grid [255]. The blocking voltage of the switches is in-
creasing, as an example, a 4H-SiC n-IGBTs with the ratings of 27 kV-20 A is built in
[256]. However, in simple structure like two-level converters, the dv/dt issue and switches
stress are worse than in multi-level converters reaching up to 100 kV/us. Therefore, a care-
ful design of modules, gate drivers, busbars, and passive filters for switches is necessary

in such stress level [257].

4.5.2.2 High-frequency Transformer

The second power device of the SST is the HFT which should satisfy the requirements
of high-voltage, high-power, and high-frequency operation. The HFT consists of magnet
core, primary winding, and secondary winding. A comprehensive explanation of HFT

design is presented in [258]. The magnetic material and its geometry has a direct impact
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on the transformer power density and losses [259]. Different kinds of magnetic material
such as powdered iron, silicon steel, ferrite, amorphous, and noncrystalline have been
used in the transformers, the last three being the best ones for HFT [260]. They can
be compared with each other in terms of core losses, saturation flux density, operating
temperature, and relative permeability [261]. In terms of core geometry, different kinds,
such as core type, shell type, matrix type, and co-axial winding type have been used in the
past [262]. These parameters are conflicting objectives; therefore, the optimal design of
HFT magnetic material, geometry, and frequency needs a trade-off among all of them and

it would be a multi-objective optimization problem [263], [264].

At the high frequencies, the efficiency of HFTs also depends on the material and con-
figuration of the primary and the secondary winding because of skin and proximity effects
[265]. Copper and aluminum are the common LFT winding materials. The transformer
short circuit current has an impact on melting points which plays a critical role in the se-
lection of winding material [266]. In addition, due to the skin and proximity effects, the
circular shaped conductors are not a good choice for the HFT. Therefore, Litz wire, foil
conductors, and primary and secondary interleaving have been used for the HFT [267]
in which factors such as window dimensions, window utilization, window fill factor, and

transformer turn ratio should be optimally designed [268].

In the HFT, the cooling material can not be the oil like LFTs. Moreover, the insulation
material should tolerate partial discharges to provide a good insulation. The examples of
insulation materials are Nomex paper and Mica. Therefore, thermal and electrical insu-
lation design is a challenging task in high-voltage high-power application in the compact

SST due to the excess of power losses [269].
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4.5.2.3 Low-voltage Side Switches

The last power device of an SST is the secondary side low-voltage switch. Different types
of these switches are commercially available and they are analysed comprehensively in a

wide range of applications.

4.5.3 SSTs Applications

SST has been used in different kinds of applications [270] such as wind energy [271],
[272], locomotives and traction systems [273], [274], interfacing asynchronous grids and
loads [275], distribution network [199], smart grid development [230], [276], house power
systems [277], and EV charging stations [278]. Details of some of implemented SSTs
are shown in Table 4.4. Moreover, different converters, input/output configurations, and
topologies have been used for each power stage of type D SST such as AC-DC and DC-DC
power stages. As an example, by considering 31 kinds of three-phase AC-DC converters
in [140] and 8 types of isolated DC-DC converters in [218], a total number of 248 SST
type D topologies could be implemented. It should be noted that, each converter type
and configuration could have different number of switches with different blocking voltage
levels, diodes, and passive elements which have a direct impact on the cost, size, and
reliability of the SST. Therefore, topology, switches, and passive elements selections could
be an optimization problem in the SST design procedure. It can be perceivable from the
Table 4.4 that in the high-voltage high-power application, there is still a gap between LFT
efficiency (higher than 99.5%) and SST efficiency (96.5%) which needs more attention.
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4.5.4 SSTs Transient Performance

In the future renewable electric energy and management (FREEDM) distribution network,
the SST will play a critical role as an energy management unit or energy router. In this
network, the renewable energy sources and energy storage integration is possible with
plug-and-play functionality. Control freedom, intelligence and possible communication
features of SST in the future smart grids can facilitate high penetration of intermittent
renewable energies leading to improvement in the system reliability. Therefore, a small-
signal analysis is required to check the operation of SSTs during sudden load/generation
changes. In order to do a small-signal analysis, the state-space model of the system is
needed. Since the SST topology could be different by the use of various types of power
converters, there exists a wide variety of SST state-space model. The simplified state-space
average model of an SST type D is presented in [279] in which the AC-DC and DC-DC
stages are performed through CHB and DAB converters respectively. The time-scales of
SST different modes are within 10~3 ms and 0.1 s [280]. Moreover, a comprehensive
mathematical model of an SST including power stages and closed loop controllers are re-
ported in [281]. These models can also be used for the general power system studies and
implementation in real-time digital simulators [282]. A 70th-order simplified state-space
average model of a FREEDM network including single SST, energy storage, DC loads and
sources, and AC loads and sources is derived in [280]. Therefore, in the distribution net-
works in which the LFTs are replaced by SSTs, interactive dynamics may appear among
SSTs. As an example, second order harmonic oscillation can appear in the AC side of
the AC-DC power stage leading to DC-link voltage variation, harmonic resonance among
SSTs, and the system instability [283]. Therefore, an optimal design of SST controllers

based on eigenvalue analysis can improve transient performance of the whole network.
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Table 4.4: Experimentally implemented SSTs in the literature for different applications.

Application SST Power MV AC-DC DC-DC SSTef- DC-link High-
type rating (kV) rectifier con- ficiency (HVDC  voltage
(KVA) verter LVDC) switches
Distribution D 1.67 1.15 FB Switched-  93%- 1.7kV ~ 3kV-12A
network (75 kHz) capacitor 97% 600 V IGBT/
[284] LLC- 1.2kV-20 A
SRC SiC
(75 kHz) MOS-
FET
Fast Charging D 4 0.22 CHB QAB N/A 0.36 kV N/A
[285] (1.05 kHz) (10 kHz) 220, 120,48 V
Smart D 10 3.6 CHB DAB 84%- 57kV  6.5kV-25A
grid (1.2kHz) (3.6 kHz) 92% 200V Si IGBT
[286]
Distribution D 10 3.6 FB DHB N/A 6.1kV  13kV-10A
network (6 kHz) (15kHz) 400 V SiC
[287] MOS-
FET/IBS
diode
Distribution D 10 13.2 3-level LLC N/A 25 kV 1.7kV-5 A
network PFC (40 kHz) 500 V SiC
[288] (20 kHz) MOS-
FET
Fast Charging D 16 3.8 TLB HB- 98% 6.2kV  1.2kV-31 A
[289] (20 kHz) LLC 400V SiC
(98 kHz) MOS-
FET
Wind energy D 20 7.2 CHB DAB 88%- 11.4kV  65kV-25A
[290] (1.08 kHz) (3 kHz) 95% 400V IGBT
Utility networkD 25 7.2/8 TLB HB- 97.5% 14 kV 1.2kV-36 A
[291] (93 kHz) LLC 400 V SiC
(93 kHz) MOS-
FET
Data Centers D 25 3.8 FB LLC- 98%- 7kV 10kV-10 A
[292] (48 kHz) SRC 99.6% 400 V SiC
(48 kHz) MOS-
FET
Fast Charging D 25 24 TLB NPC+diode 96.6% 48kV  1.2kV-55A
[293] (25 kHz) rectifier 400 V SiC
(50 kHz) MOS-
FET
Mobile utility D 100 4.16 AFE DAB N/A 72kV  10kV-90 A
support (20kHz) (10 kHz) 800V Gen3
[294] SiC
MOS-
FET
Fast Charging D 400 13.2/4.8 NPC LLC- 96.5% 6.4kV  1.2kV-50 A
[295] (5 kHz) SRC 1000 V SiC
(100 kHz) MOS-

FET
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The state-space average model of SST can also be used in the protection studies to
anticipate the SST performance under fault conditions. Through the state-space model of
SST, over-voltage and over-current protection schemes and voltage ride through capabili-

ties can be proposed [296].

4.5.5 SSTs Challenges and Research Gaps

There exists a great deal of challenges in the application of SSTs. The first one is the
design of SST high frequency core and windings in which material advancement is still
ongoing. A proper thermal design of SST core and windings can improve its efficiency

which is currently lower than the one of LFT in high-power applications.

In the vast adaptation of SSTs in power distribution network, feasible and dynamic
stability analysis, power system analysis, and reliability concern due to the existence of
power electronic switches are significantly important factors. In SST-based power distribu-
tion networks, the requirement of extra communication and control layer looks necessary.
Moreover, it should be noted that since the conventional mechanical MV circuit breakers
are too slow, a fast-acting protection scheme is needed for the protection of MV power
electronics switches during fault conditions. Therefore, implementation of fast circuit

breakers with solid-state materials could be another interesting research area in this field.

Another challenge is the unbalance problem which can appear in the modular configu-
ration of SST between the phases. Short-circuit faults and uneven distribution of loads can
cause unbalanced operation in the power system. Furthermore, the three-phase grid volt-
ages are not always balanced. In unbalanced operation mode, negative sequence current

will be drawn or injected from or to the grid. These may cause double-frequency ripples,
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and unbalanced voltages in the SST DC-links of each phase which can damage power elec-
tronic components due to the increase in the semiconductor devices stress, over-voltage
and over-current [297]. Therefore, SSTs should properly work in unbalanced three-phase
grid voltages and have the compensation capability of the three-phase grid currents in a
cost-effective and reliable manner [298]. Unbalanced operation of SSTs is investigated in
[297] and [299]. The most widely used unbalance compensation technique in the literature
is zero sequence voltage injection [300] which leads to the choice of power devices with
higher rating and power losses [301]. The challenges in the application of SSTs still under

research are illustrated in Figure 4.9.
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Figure 4.9: Research challenges of SST.
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4.6 DC Ultra-fast Charging Station with SST

An interesting solution for the power stage 1, voltage level changes, in the DC ultra-fast
charging station shown in Figure 4.4 is to utilize SST instead of LFT which can perform
rectification, voltage step-down, and isolation function altogether. Thanks to the high fre-
quency operation of SSTs, their size and weight would be much lower than conventional
service transformers [302]. Therefore, the DC ultra-fast charging station installation cost
and footprint would hugely decrease [99]. Furthermore, the employed power electronics
switches in the input and output of SSTs gives the full controllability of the input/output
voltage/current which can provide reactive power control, satisfactory grid-code require-
ment, grid ancillary services, and higher efficiency than the conventional charging stations
[303]. Moreover, the presence of DC-links in the three-stage SST architecture could facil-
itate integration of renewable energy sources and energy storage as well as could decrease
power conversion stages increasing the efficiency [304]. This integration possibility in the
DC-links could maximise interest for the owners of DC ultra-fast charging stations and
could provide ancillary services for the grid [305]. Another advantage of the DC SST-
based ultra-fast charging station is its capability for bidirectional power flow which could
provide ancillary services for the grid, shave the grid peak load, and facilitate the V2G,
V2H, and V2V applications [306]. Furthermore, thanks to the modularity of SSTs in the
input side, any increase in the DC SST-based ultra-fast charging station power capacity
could be easily performed while replacement of LFT is necessary in the DC LFT-based
ultra-fast charging station. In order to implement a DC SST-based ultra-fast charging sta-

tion, different aspects should be investigated as explained below.
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4.6.1 Topology Configuration

As mentioned previously, there are four types of SST configurations which can be used
in the DC ultra-fast charging stations. Among them, type D (Figure 4.7d) is the suitable
choice thanks to its higher control freedom. The choice of power converters for the AC-
DC and DC-DC power stages could play a vital role in the performance of DC SST-based
ultra-fast charging station. The single-phase and three-phase AC-DC power converters can
be used in the first power stage such as HB, FB, AFE, three-level PFC, NPC, TLB, TLT,
MCB, VR, CHB, MMC, four-wire bidirectional boost converter, four-legged bidirectional
boost converter, matrix-converter bidirectional buck—boost, and so on. In isolated DC-DC
power stage, power converters such as DAB, series-resonant DAB, PSFB, LLC-SRC Full-
bridge, hybrid switched-capacitor LLC-SRC, DHB, QAB, NPC, DAB-ANPC, FC, CLLC,
and any other novel topology can be utilized. Some of the possible power electronic
converters which could be used in a DC SST-based ultra-fast charging station are shown

in Figure 4.10.

Furthermore, the SST can be used in ISOP, ISOS, IPOP, and IPOS (Figure 4.8) configu-
rations which adds modularity to the whole circuit [307], facilitating its use in high-voltage
high-power application and reducing the size of input passive filters. From a topological
point of view, SSTs in the DC ultra-fast charging stations could be categorized as single-
phase single-port (SPSP) [308], single-phase multi-port (SPMP), three-phase single-port
with single-phase converters (TPSP-SPC) identically connected in delta or wye [309],
three-phase multi-port with single-phase converters (TPMP-SPC) identically connected in
delta or wye [285], [310], and three-phase single-port with three-phase converter (TPSP-

TPC) or three-phase multi-port with three-phase converter (TPMP-TPC) either connected
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in delta or wye configurations. Therefore, an optimal selection of DC SST-based ultra-
fast charging station configuration needs more attention. The aforementioned topology

architectures are illustrated in Figure 4.11.

4.6.2 Transient Performance

A DC ultra-fast charging station could be similar to a FREEDM network with single SST.
Therefore, the state-space average model of the DC ultra-fast charging station is a high or-
der. This model should be considered for the dynamic stability and small-signal analysis
in order to guarantee a stable and feasible operation in the charging station. It should be
noted that different configurations and topologies yield a wide variety of state-space aver-
age model. Since the ultra-fast charging stations could have more than one charge ports
for the EVs, immediate disturbances or load changes can take place specifically during the
fast-charging mode of operation for the EV batteries. Therefore, the transient performance
of the charging station should be deeply investigated. Methods should be proposed for the
improvement of the transient performance through passive (adding passive elements to the
circuit) or active (manipulating control loops or using different control strategies) tech-
niques [311]. The dynamic stability issue could be worsen for the distribution network
with the dense penetration of DC ultra-fast charging stations [312]. Smart and dynamic
charging techniques could solve this problem. In addition, the smart charging techniques
could have advantages such as optimization of the EV charging price in variable grid
prices, grid load peak shaving, grid ancillary services, and lower reserve generation ca-

pacity [313].
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Figure 4.10: Some of possible power electronic converters that can be used in a DC SST-based ultra-fast
charging station.
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Figure 4.11: Topology configuration based on input type and output ports: (a) SPSP; (b) SPMP; (¢) TPSP-
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4.6.3 Energy Management and Optimal Sizing

The size of DC ultra-fast charging station is related to the urban traffic flow based on the
factors such as road system, location, direction, intersections and length [314]. In the DC
SST-based ultra-fast charging station equipped with distribution generations and energy
storage, intelligent energy management system (IEMS) is required to increase the interest
of charging station’s owner. The IEMS can decide between charging/discharging sched-
ule of energy storage [315], [316] and participation in grid ancillary services [303]. In
addition, the required charging power of DC ultra-fast charging station is uncertain due
to different reasons such as arrival time and SOC of the EVs [317], [318]. Therefore, the
load profile of DC ultra-fast charging station is not a constant power load from distribu-
tion network point of view. In order to predict the charging stations load profile, curve
fitting through standard exponential load model [319], conventional optimization [320],
and machine learning techniques have been used in the literature [321]. By means of these
methods, the optimal sizing of the resources in DC ultra-fast charging stations is achiev-

able [106]; thereby leading to maximising third-party interest [322].

4.6.4 Power Imbalance Problems

In order to keep the modularity of DC SST-based ultra-fast charging stations with three-
phase AC grid voltage, power converters can be separately used in each phase connected
in delta or wye. In these kinds of charging stations, each phase can have different power
consumption according to the EV demand. In addition, there exists parameter mismatches

in the real implementation of HFT (isolation stage) in each modules [323]. Therefore,
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a power imbalance can occur in the station leading to DC-link voltage deviation, draw-
ing unbalanced currents from the main grid, and increasing the total harmonic distortion
(THD) of the grid current. To solve this issue, the zero-sequence current is added to the
reference currents of each phase [324]. However, this increases the magnitude of total cur-
rent [325]. Therefore, semiconductor devices with higher rating current should be used.
To mitigate this problem, in the DC-DC power stage of type D SST, power balance wind-
ings are added to the HFT and connected in parallel for all phases to reduce zero-sequence

required current [285].

4.6.5 Control Methods

In a DC ultra-fast charging station with type D SST, different control objectives can spread
among AC-DC and DC-DC power converters. The objectives of the AC-DC power con-
verter are to keep the HVDC link voltage fixed to a reference value, to keep the grid
synchronisation like by a PLL, to keep the injected grid current sinusoidal with a THD
lower than 5% [326], to keep the injected three-phase grid current balanced, to keep ro-
bustness against grid voltage harmonics, to compensate grid voltage sag/swell, to limit
the fault current or start-up current [327], to make a bidirectional power flow, and to keep
unitary power factor in the grid-side or other power factors for injecting/consuming re-
active power to/from the grid, providing ancillary services [328]. In multi-level structure
at the input side of SST, the voltage balance among all the capacitors would be another
control objective. In modular structure of SST implemented separately in each phase with
three-phase input, power balancing is another important objective in order to improve the
system performance. In this structure, if energy storage systems integrated with DC-links,

making a balance in their SOC rates could be an interesting performance criteria.
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The objectives of the DC-DC power converter are to keep the LVDC link voltage fixed
to a reference value, to achieve ZVS/ZCS leading to lower stress on switches, to guarantee
lower EMI and higher system efficiency, to provide galvanic isolation against high-voltage
side, and to give a bidirectional power flow through leading/lagging of phase angle be-
tween primary and secondary bridge. Table 4.5 shows the desired performances that the

control approach has to cope with them in DC SST-based ultra-fast charging stations.

Table 4.5: The desired performance of a SST-based DC ultra-fast charging station.

Power stage Performance criteria
e HVDC link voltage control
e LVDC link voltage control
e Grid current THD improvement
e Grid synchronisation
e PFC
e ZVS/ZCS
AC-DC power stage e Unidirectional power flow
e Bidirectional power flow
e Power balancing control
e Voltage balancing control
e SOC balancing control
e Grid ancillary services
e Fault tolerant and limitation
e LVDC link voltage control
e ZVS/ZCS
e Galvanic isolation
e Unidirectional power flow
e Bidirectional power flow
e Power balancing control

DC-DC power stage
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4.6.5.1 AC-DC Power Converter Control Approaches

In order to control the single-phase and three-phase AC-DC power converter, different
control strategies have been used in the literature. The first popular one in three-phase
converters is the voltage oriented control (VOC) which performs indirect control of active
and reactive power through the current vector orientation [329]. The second popular con-
trol approach is the direct power control (DPC) which performs instantaneous active and
reactive power control. Another popular control approach is the virtual flux (VF) tech-
nique [330] which mimics the control of electric motor drive systems. The proportional
integral (PI) controller, proportional integral derivative (PID) controller, PR controller,
sliding-mode controller (SMC), hysteresis controller, fuzzy logic controller (FLC), model
predictive controller (MPC), adaptive controller, and neural-network-based controller are

employed to satisfy the desired performance [140], [170].

4.6.5.2 DC-DC Power Converter Control Approaches

Various isolated bidirectional DC-DC power converters have been proposed such as res-
onant converters, dual flyback, dual-Cuk, dual push—pull, and DAB [160]. Among them,
the DAB converter is the most usable one in the DC-DC power stage of DC SST-based
ultra-fast charging station. The advantages of DAB converter can be listed as bidirec-
tional power flow capability and fast power flow mode changing, wide voltage conver-
sion range to interface different voltage levels, and ZVS capability to increase the effi-
ciency. The feedback control, linearization control (PI/PID), feedforward plus feedback,
disturbance-observer-based control, feedforward current control, MPC, SMC, and mov-

ing discretized control set MPC have been employed in the DAB converter to follow the
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control objectives. Different modulation schemes have been used for the DAB converter
such as single-phase-shift (SPS), dual-phase-shift (DPS), triple-phase-shift (TPS) [331],
and extended-phase-shift (EPS) [332]. The DAB converter transfer power P with SPS

modulation scheme is defined as follows [333]

Nvy,vs

P =
fsL

$(1—-2[p]) 4.1)

where N, Up» Us, ¢, fs, and L are the DAB turn ration, DC input voltage, DC output
voltage, phase shift, switching frequency, and inductance respectively. The DAB reduced-
order model is a first-order transfer function and can be obtained by neglecting inductor

current dynamics. This transfer function G(s) from ¢ to vs can be expressed as follows

4 NV,(1-40) R,

b fL  RCas+1 4.2)

G(s) =

where V), and @ are the DC values of v, and ¢. Ry and C; are the resistance of output

load and output capacitance respectively.

4.6.5.3 Analysis of Existing Control Approaches

Table 4.6 shows the existing control approaches of DC SST-based ultra-fast charging sta-
tions. For the control of the DAB converter, combining the LVDC-link voltage control
with AC-DC rectifier control is a simple way which reduces the number of control loops
but the DAB output voltage would be sensitive to the load variation. Another method is
to control the DAB converter independently through PI control of LVDC and phase shift
magnitude between primary and secondary windings. Grid voltage harmonics can cause

ripples in the DC-links and can have adverse effects in conventional VOC for three-phase
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AC-DC rectifiers.

4.6.6 DC SST-based Ultra-fast Charging Station Social Repercussions

The DC SST-based ultra-fast charging station has different impacts on the community.
One of the most positive impacts is that it will decrease the anxiety of the EV drivers since
they can refuel their EVs in short time comparable to the one needed for refueling FFVs.
Therefore, the drivers concerns about continuing their route on interurban roads would
significantly decrease [341]. Moreover, bidirectional power flow capability and V2G ap-
plication of DC SST-based ultra-fast charging station could increase people’s participation
in electrical network planning. Therefore, both the society and the government can bene-
fit from this participation, leading to an increase in social welfare [342]. Another impact
of the DC SST-based ultra-fast charging station on the community is that the needs of
carrying fuel with big tankers which is a dangerous and time-consuming task would be

removed.

To summarize, the vast adaption of DC ultra-fast charging stations could hugely fa-
cilitate reaching a sustainable life in the coming future. As a result, the environmental

activists and the whole society would be more satisfied [95].

4.6.7 DC SST-based Ultra-fast Charging Station Challenges and Re-

search Gaps

In addition to the previously mentioned challenges, there are still other gaps in the ap-

plication of DC SST-based ultra-fast charging stations. One of them is cybersecurity and
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Table 4.6: Literature control approaches of DC SST-based ultra-fast charging station.

References AC-DC power converter AC-DC control approach DC-DC power converter DC-DC control approach

[285] CHB Cascaded PI control: QAB PI control:
e PFC o DPS bidirectional power flow
o Grid synchronisation o Galvanic isolation
e Power balancing control e Power balancing control
o Voltage balancing control o LVDC link voltage control
e HVDC link voltage control

[289] TLB Digital PI control: HB-LLC Digital open-loop control:
e PFC o Unidirectional power flow
o Grid synchronisation e Galvanic isolation
o Voltage balancing control o LVDC link voltage control
e HVDC link voltage control o ZVS
o Grid current THD improvement

[310] CHB Cascaded PI control: DHB Digital PI+PR control:
e PFC o Bidirectional power flow
o Grid synchronisation e Galvanic isolation
e Power balancing control o LVDC link voltage control
e Voltage balancing control o ZVS
e SOC balancing control
e HVDC link voltage control

[334] CHB PI control: DAB PI control:
o Grid ancillary services o Bidirectional power flow
e HVDC link voltage control o Galvanic isolation

o LVDC link voltage control
o ZVS

[335] CHB PI control: DAB Cascaded PI control:
e PFC e DPS bidirectional power flow
o Grid synchronisation o Galvanic isolation
e Power balancing control o LVDC link voltage control
o HVDC link voltage control

[336] VR Multi-loop PI and hys- DAB Cascaded PI control:
teresis current control: o SPS bidirectional power flow
e PFC o Galvanic isolation
e Grid synchronisation e LVDC link voltage control
o Voltage balancing control
o HVDC link voltage control

[337] TLB Multi-loop PI and predic- DAB-ANPC PR control:
tive current control: o TPS bidirectional power flow
e PFC o Galvanic isolation
o Grid synchronisation o LVDC link voltage control
o Voltage balancing control o ZVS
o HVDC link voltage control

[338] TLT Digital multi-loop PI control: N/A N/A
e PFC
o Grid synchronisation
o Voltage balancing control
e HVDC link voltage control

[339] CHB Multi-loop PI and predic- DAB PI control:
tive power control: o SPS bidirectional power flow
o Fault tolerant and limitation o Galvanic isolation
o Voltage balancing control o ZVS
o LVDC link voltage control

[340] MCB PI control: NPC PI control:

e Voltage balancing con-
trol
o HVDC link voltage control

e Power flow
e Galvanic isolation
o LVDC link voltage control
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data protection schemes which should be addressed in the online control schematic for the
future smart grids. Another challenge is the requirement of advanced protection schemes
against short circuits, over-voltages, and overloading fault conditions with fast solid-state
circuit breakers (current interruption in several hundred microseconds) [343]. The ad-
vanced protection scheme can guarantee the safety of EV owners and the personnel of
DC SST-based ultra-fast charging stations. Reliability concerns of replacing the passive
transformer with a power electronic equivalent could be another research challenge in this
field. Furthermore, in the direct connection of DC ultra-fast charging station to the MV
grid, safety, protection, standardization and certification of the EV charging equipment
are necessary. To summarize this section, the research challenges in the DC SST-based

ultra-fast charging station is presented in Figure 4.12.

4.7 Conclusions

The electrical architecture of an ultra-fast charging station offers numerous open aspects
to investigate. In that context, the low-frequency service transformer could be substi-
tuted by an SST with the aim of increasing the control capability and reducing the size
and weight. The SST is considered any conversion structure implemented with switch-
ing power converters that is capable to transform AC MV into DC in the range between

200 V and 500 V.

The main features of existing SSTs in renewable energy applications have been re-
viewed in this chapter underlying the rated power, the MV magnitude, the topology of
both AC-DC and DC-DC stages, the voltage level in the DC link, the voltage stress sup-

ported by the high-voltage switches, and the resulting efficiency.
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Figure 4.12: Research challenges in the DC SST-based ultra-fast charging station.

The penetration of SSTs in ultra-fast charging stations is an incipient stage but there
are already important antecedents in fast charging. A classification of SST-based electrical
architectures for charging stations have been presented in this work considering the type
of input, number of output ports, and converter configuration. Four SST configurations
have been identified with potential use in ultra-fast charging, being the type D the most
appropriate one. Other aspects to be considered in the design of the SST are the stability
of the interconnection with the rest of the blocks in the ultra-fast charging station, and
the energy management in a hierarchical supervision system that should also handle the

control of the different converters solving power imbalance problems.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion

This thesis encompasses a comprehensive investigation into various challenges encoun-
tered in MGs and presents novel approaches to address them. The focus areas include
control strategies, stability analysis, power sharing, power converter design, grid connec-
tion, and renewable energy integration. The research findings provide valuable insights
into the design and optimization of MG systems, enabling improved performance and re-

liability.

The first aspect explored in this thesis is the control of PV-fed multifunctional grid-
connected inverters. A shunt APF control strategy was developed to compensate for
nonlinear and unbalanced loads. By utilizing a quasi-PR controller with harmonic com-
pensators and employing optimization algorithms, the system achieved maximum power
extraction, harmonic compensation, and reactive power control. The proposed approach

exhibited superior performance and adaptability under varying operating conditions.
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The second area of focus involved the optimization of controller parameters in islanded
MGs. By formulating an optimization problem based on a state-space model, the im-
pact of operating point and output impedance variations on system stability was analyzed.
Through the application of PSO, GA, and a combined PSO-GA approach, controller pa-
rameters were tuned to ensure stability and enhance performance. This methodology pro-
vided a simplified yet effective design approach for achieving stable operation in islanded

MGs.

Lastly, the thesis investigated the electrical architecture of ultra-fast charging stations
in MGs, with an emphasis on replacing low-frequency service transformers with SSTs.
The potential benefits of SSTs, such as increased control capability and reduced size and
weight, were explored. A classification of SST-based electrical architectures for charging
stations was proposed, considering input types, number of output ports, and converter
configurations. The findings highlighted the advantages of SSTs in ultra-fast charging,

paving the way for more efficient and compact MG electrical architectures.

By integrating these research outcomes, this thesis contributes to a holistic understand-
ing of MG challenges and solutions. The investigations into control strategies, optimiza-
tion algorithms, and advanced electrical architectures provide valuable insights for the
design and operation of reliable and efficient MG systems. The findings of this thesis
contribute to the advancement of renewable energy integration, grid stability, and the de-

velopment of sustainable and resilient energy systems.
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5.2 Future Work

The conclusion of this thesis opens up several potential avenues for future research work
in the field of MGs and their control. Building upon the findings and contributions of the

current research, the following are some potential directions for future investigations:

* Advanced control strategies: while the current research explored control strategies
for PV-fed multifunctional grid-connected inverters and islanded MGs, there is still
room for developing and refining more advanced control algorithms. Future re-
search could explore the use of advanced control techniques such as model pre-
dictive control, adaptive control, or machine learning-based control to enhance the
performance, stability, and adaptability of MG systems under diverse operating con-

ditions.

» Hybrid energy storage integration: the integration of energy storage systems in MGs
plays a crucial role in enhancing grid stability, managing fluctuating renewable en-
ergy sources, and improving overall system performance. Future research could
focus on the optimization of hybrid energy storage systems configurations, com-
bining different storage technologies (e.g., batteries, supercapacitors) and exploring

novel control strategies to achieve optimal energy management and grid support.

* Resilience and reliability: MGs are expected to operate in various environments and
face uncertainties due to weather conditions, equipment failures, and cyber-attacks.
Future research could delve into the resilience and reliability aspects of MGs, devel-
oping strategies to improve fault tolerance, self-healing capabilities, and seamless

transition between grid-connected and islanded modes during emergencies.
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* Power electronics and solid-state transformers: the use of SSTs in ultra-fast charg-
ing stations has shown promising results. Future research could further explore the
design optimization, efficiency improvement, and cost reduction of SSTs for various
applications in MGs, including voltage regulation, power quality enhancement, grid

integration, and ultra-fast charging.

* Multi-MG interactions: as MGs become more widespread, the interactions between
multiple interconnected MGs become important. Future research could investigate
the coordination and control strategies for multi-MG systems to optimize power
flow, enable seamless islanding and reconnection, and manage energy exchange be-

tween different MGs.

* Cybersecurity and communication: with the increasing integration of digital tech-
nologies and communication systems in MGs, ensuring cybersecurity becomes crit-
ical. Future research could focus on developing robust and secure communication
protocols, encryption techniques, and intrusion detection systems to safeguard MGs

against cyber threats and attacks.

* Real-world implementations and case studies: to validate the theoretical findings
and control strategies, future research should involve real-world implementations
of MG systems and conduct comprehensive case studies. Field trials and practical
deployments can help identify practical challenges and optimize control strategies

for real-world scenarios.

* Policy and economic analysis: integrating MGs into existing power systems of-
ten requires regulatory support and economic incentives. Future research could ex-

plore policy frameworks, market mechanisms, and economic models to promote the
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widespread adoption of MG technologies and assess the economic benefits of MG

implementation for various stakeholders.

To summarize, future research in the domain of MG should aim to further enhance their
performance, reliability, and integration with renewable energy sources. By addressing
the identified challenges and exploring innovative solutions, the field of MGs can play a

pivotal role in achieving a sustainable and resilient energy future.
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